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ABSTRACT 


The  results  of  an  analysis  of  the  vibration  and  shook 
environment  in  piloted  aircraft  are  presented.  The 
objectives  of  the  study  were  to  define  such  environment  and 
to  devise  appropriate  laboratory  tests  for  certifying  the 
suitability  of  electronic  and  accessory  equipment  for  use 
in  aircraft  service.  The  analysis  used  in  the  study  is 
based  on  the  thesis  that  the  vibration  and  shock  as  measured 
in  aircraft  are  relatively  unimportant,  but  that  the  response 
of  equipment  to  such  vibration  and  shock  la  of  paramount 
importance.  This  follows  from  the  fact  that  the  stress 
experienced  by  structures  of  the  equipment  is  directly 
related  to  the  response  of  such  structures  to  the  aDDlied 
vibration  and  shock.  " 
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Equipment  mounted  in  aircraft  is  subjected  to  vibration 
and  shock  of  various  degrees.  It  is  important  to  the  designer# 
of  such  equipment  that  techniques  be  available  for  proving 
the  suitability  of  the  equipment  for  use  in  chess  shook  and 
vibration  environments.  In  many  fields  not  related  to 
aircraft,  such  answers  are  obtained  by  a  direct  approach. 
Automobile  designs  are  proved,  for  example,  by  operating  the 
automobile  tinder  actual  but  severe  conditions  for  a  period 
corresponding  to  its  maximum  expected  life.  Washing  machines 
are  tested  in  a  somewhat  similar  manner  in  the  laboratory,  ana 
internal  combustion  engines  are  proved  by  operating  them  at 
maximum  load  for  a  period  corresponding  to  the  life  of  the 
engine.  These  techniques  are  not  feasible  for  electronic  ana 
accessory  equipment  installed  in  aircraft  for  reasons  which 
may  be  summarized  as  follows* 


(a)  Equipment  of  a  given  dosign  usually  is  installed 
In  many  different  types  of  aircraft.  Those 
aircraft  encounter  many  different  operating 
conditions,  and  it  becomes  impractical  to  test  a 
given  equipment  in  environments  representing  all 
possible  operating  conditions  in  all  typos  of 
alroraft. 


(b)  Electronic  and  accessory  equipment,  in  general, 
is  not  designed  or  manufactured  by  the  airframe 
manufacturer.  The  equipment  must  be  received 
ready  for  installation  in  the  airframe  with 
assurance  that  it  will  render  satisfactory 
performance  during  all  conditions  of  flight. 


This  report  analyzes  some  of  tb3  problems  introduced  by  the 
above  circumstances,  and  suggests  a  rational  procedure  far 
establishment  of  laboratory  tc3ta.  The  objective  of  such 
testa  is  to  qualify  equipment  for  operation  under  actual 
aircraft  operating  conditions. 


If  the  procedure  referred  to  above  for  testing  automobiles 
were  to  be  used  for  qualifying  electronic  equipment  intended 
for  airborne  service,  it  would  be  necessary  to  first  measure 
all  conditions  of  shock  and  vibration  encountered  in  all 
aircraft  in  which  the  oqulpnant  is  to  ba  installed.  The  next 
atop  would  be  determined  the  desired  life  of  the  equipment  in 
hours.  One  oquipnent  would  then  be  subjected  to  each  moasurod 
condition  of  chock  and  vibration  for  a  period  equal  to  the 
doaired  life  of  the  equipment.  Thi3  would  require  that  a  now 
equipment  be  made  available  for  each  toot  condition,  because 
damago  from  vibration  and  chock  tends  to  be  cumulative  and  the 
results  would  not  be  significant  if  some  of  the  tests  were 
conducted  on  equipment  previously  subjected  to  environmental  testa. 
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It  Is  vellu  known  that  failure  caused  by  repeated  r  plication  ox 
stress  teri.ds  to  be  erratic*  Consequently*  many  v.<*mples  would 
have  to  be'|  tested  under  Identical  conditions  so  that  the  resul.! 
could  be  examined  statistically*  The  quantity  of  equipment  anc" 
the  testin’  %  time  required  for  uuch  a  program  would  be  cxorbltar* 

One' .  method  of  resolving  the  question  of  an  unreasonably 
long  testing  procedure  is  to  adopt  a  concept  of  accelerated 
testing.  -'-X  ia  generally  assumed  that  equipment  tends  to  auste  .* 
che  aame  datVe  as  a  result  of  mild  vibration  or  shock  for  a 
"5^8  period  3*\q-ime  as  it  would  sustain  as  a  result  of  severe 
vibration  or  sr^X  ;r  for  a  ahort  period  of  time.  This  philosophy 
appears  to  under? many  of  the  vibration  and  shock  tests  now 
roquirod  by  militai\^  specifications*  In  most  cases*  the  tests 
appear  to  have  been  v  •  tablished  arbitrarily  and  without  a  ratio  , 
study  of  the  effect  o:  \:-n»reased  severity.  To  the  best  knowlei 
of  the  authors,  the  concX  t  of  accelerated  testing  exists  only 

,a?d  no  cri>V«l  analysis  of  the  problem  has  beei. 
^de  to  establish  a  quant  it  ivr  basis  of  accelerated  testing* 

attempt  is  made  In  this  rt Sv  >-0  fm  this  deficiency  by  exam.*  . 

and  SuaP  ita4'^tf'ely  :-robl -jiS  1  .olved  in  -  it.  b.13*  ■ 

..■'•r  *a  shock  tod  t  specif  it.  •-<  _io;.s  tassf  r-  auct  iorateu  tea 

A  detailed  consideration  of\h«  suv 
testing  reveals  many  diverse  and  coxskj‘jlV*t 
may  be  outlined  as  follows:  *  *V  * 


.1. 

ng 

>n g. 


j'iSV  of  t(*'l 

tliiHS,  30116  of  waicu 


(a)  A  criterion  of  failure  must  •  1 
Is  common  experience,  borne  ovt 
(see  reference  80  of  Appendix  ’ 
types  of  equipment  tend  to  det* 
during  use  and  In  the  absence 

and  vlVi-nf^nr  U<1  •  c 

r.o  .Ki’zl  ':or?r  lio:.  in*;  or  me; 
in  the  same  manner  as  damage  :  . 
and  vibration.  If  the  deter  it 
accelerated  by  shock  and  vibra 
toots  tend  to  bo  unconservatiT 
damage  would  occur  If  the  tes 
a  longer  period. 

(b)  Questions  of  both  operation  a:-" 

involved  In  any  consideration  : 
testing.  Equipment  should  be 
only  at  the  maximum  severity  v 
expected  to  be  encountered  In  -* 
conditions.  The  Increased  sev 
accelerated  tests  should  be  at 
investigations  of  tho  strenth  *  . 
Trsnhe.."V-if»  -  ItW'  ; 

no  :?.s4ni:  w;<t  fch:i  oh*  equ*^ 
px  operly  under  theta  severe  cc 


rtstobl  ished.  It 
xV  recent  studies, 
that  certain 
r  lor.' '  to  gradually 
f  sig*-  v\f leant  shoch 
*  natur  \  ttii  a 
no*  ;:*?  i» ?c  if  r:.. ,:d 
:  1  i  ing  ,  r  vu  nhof  it 
'  (iion  Is  act  i 
on  tests*  mu 
.  because  groat/' 
vere  continued 


strength  become 
accelerated  \ 

quired  to  operate  V 
vibration  and  shock  \ 


ual  operating 
ity  associated  with 
.  ied  only  to 
.  the  equipment  from  u 
-  it.  Thoro  should  bo 
r  t  continue  to  operate 
Ltions.  - 
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^npy  available  to  DTIC  does  not 
peimit  fully  legible  iepioduction 


(o) 


Kanr  types  failure  occur  In  equipment  subject** 
to  shock  .ibration.  These  are  difficult  to 
categoria  n  general.  A  review  of  damage  reports 
Indicates  t.'-at  failure  of  brackets  and  other 
structural  *»mbers  as  a  result  of  repeated 
stressing  t.*  common.  Another  group  include* 
somewhat  £  '..tlar  failure  of  wires,  tube  elements, 
and  other  t  ..ectrlcal  components.  A  third  group 
Include'  oosening  of  fasteners,  crumbling  or 
ceramt  -  ind  mica  Insulators,  and  similar  failures 
that  a  a.  or  may  not  have  any  relation  to  the 
xaagnit-t  .m  of  the  stress  existing  in  the  element. 


Copy  available  to  DTIC  does  S*t 
permit  fully  legible  repioductio* 
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IDEALIZATION  OF  EQUIPMENT 


The  probleaa  involved  in  analysing  the  various  types  of 
failure*  may  he  considered  by  creating  a  hypothetical  equipment 
having  components  of  the  types  known  to  Involve  failure*  It 
may  then  be  possible  to  study  the  manner  In  which  the  various 
parameters  affect  the  likelihood  of  failin’ e .  The  hypothetical 
equipment  to  be  discussed  is  illustrated  schematically  in 
Figure  1*  This  equipment  includes  a  housing  having  a  horizontal 
panel  on  which  several  components  are  mounted.  The  components 
Include  vacuum  tubes  A  and  ji*  a  condenser  C  secured  to  the 
panel  by  the  bolts  D*”and  a  resistor  E  fastened  by  its 
electrical  leads  F  "to  binding  posts  Demounted  upon  the  panel* 
Failure  of  the  equipment  may  oocur  a s  a  result  of  various 
effects  discussed  in  the  following  paragraphs* 

If  failure  of  the  panel  occurs*  it  is  probable  that  the 
failure  is  the  result  of  excessive  stress  in  the  panel*  It 
may  be  assumed  that  the  stress  in  the  panel  is  proportional 
to  the  vibration  amplitude  of  the  panel  relative  to  the 
housing.  Probability  of  failure  thus  tends  to  increase  as 
the  vibration  amplitude  of  the  panel  increases* 

Vacuum  tube  A  is  of  a  type  in  which  the  Internal  e  lementa 
are  supported  entirely  from  the  base  structure.  It  may  be 
assumed  that  failure  tends  to  occur  when  these  elements 
deflect  excessively  with  respect  to  the  base*  The  maximum 
deflection  of  the  elements  is  proportional  to  the  maximum 
acceleration  of  the  panel*  multiplied  by  a  dynamic  factor 
which  takes  the  frequency  relation  into  account.  Except  for 
this  frequency  relation  and  others  to  be  considered  below* 
the  damaging  potential  applied  to  tube  A  tends  to  be  pro¬ 
portional  to  the  vibration  amplitude  of  the  panel  on  which 
the  tube  is  mounted* 

Tube  B  Is  somewhat  similar  to  tube  A,  but  includes  the 
additional  feature  of  a  mica  spacer  adjalsent  to  the  upper 

ends  of  the  Internal  elements  to  maintain  such  elements  In 
properly  spaced  relation  to  each  other  and  to  the  envelope 
of  the  tube*  The  forces  applied  to  the  spacer  are  a  function 
of  the  tendencies  of  the  elements  within  the  tube  to  deflect* 
Such  tendencies  are  related  to  the  vibration  amplitude  of  the 
panel  as  discussed  previously  with  reference  to  tube  A,  The 
damaging  potential  on  the  mica  spacer  is  therefore  reTated* 
but  in  a  somewhat  less  definite  way,  to  the  vibration  amplitude 
of  the  panel  which  supports  the  tube* 
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Components  mounted  to  tba  panel  6 j  brackets,  such  as 
tne  condenser  C  tend  to  fail  as  a  result  of  excessively  high, 
stress  in  the  mounting  brackets.  The  sole  function  of  such 
brackets  is  to  mount  the  condenser  to  the  panel  of  the 
equipment,  and  the  stress  in  the  brackets  tends  to  be  dlreetly 
rtropor tional  to  the  inertia  forces  involved  in  causing  the 
oondenser  to  move  in  the  same  nanner  as  the  panel  upon  whloh 
la  aounted.  The  damaging  potential  on  these  brackets 
thus  tends  to  be  directly  proportional  to  the  maximum  vibration 
amplitude  of  the  panel. 

Failures  may  occur  as  a  result  of  loosening  of  bolts  D* 

In  spite  of  many  Investigations  and  considerable  analysis,”* 
the  laws  governing  the  loosening  of  bolt3  are  not  well 
established.  One  possible  explanation  is  that  the  bolt 
stretches  somewhat  under  the  influence  of  dynamic  forces, 
with  a  consequent  momentary  release  of  the  friction  force 
between  the  face  of  the  nut  and  the  bolted  surface.  This 
momentary  release  of  friction  encourages  the  nut  to  back 
off  the  bolt.  It  may  thus  be  assumed  that  the  loosening 
tendency  increases  as  the  vibration  amplitude  of  the  paneX 
increases • 


_  .. 1118  Problem  of  the  resistor  E  is  somewhat  similar  to  that 
condenser  C  expept  that  the  mounting  wires  have  the 
additional  function  of  providing  an  electrical  circuit  to  the 
resistor.  These  wires  also  constitute  the  mechanical  support 
for  the  resistor.  Ths  maximum  stress  in  the  wire  tends  to 

rowh86  88  th3  JJbratlon  amplitude  of  the  panel  increases, 

reasons  discussed  with  reference  to  the  brackets  which 
support  the  condenses?  C. 

that  AiJhJUSf  S?bJect  qualifications.  It  may  be  stated 

Hrai  aPProx*-^n*»  the  likelihood  of  damage  to 
the  hypothetical,  equipment  illustrated  in  Figure  1  tends  to 
Increase  as  the  vibration  amplitude  of  the  mounting  panel 

thus  6suff  me  a  t  ®  approach  to  a  complicated  problem 

this  oanfl  ™  1*1  designation  of  the  vibration  amplitude  of 

5  tb®  alngl®  parameter  that  may  serve  as  an  Index 

a£b1ectodhtndv?£  f®}lure  th®  electronic  equipment  when 
to  ^ration  and  shock.  Problems  involved  in 

fo£  thl “log  thla  amplitude  are  considered  below  in  great  detail 
onviJ^mIntsOU3  *  °f  R°tion  erobodled  in  vibration  and  shock 


The  words  "shook  end  vibration"  are  commonly  u*e*_ 
together  to  describe  certain  aspects  of  the  environrae ntal 
conditions  which  exist  on  aircraft*  The  use  of  the  two 
discrete  words  implies  a  distinction  between  two  classes 
of  phenomena.  The  meaning  of  the  word  "vibration  is  much 
better  ootablished  in  a  technical  or  engineering  sense* 

In  general*  it  rofers  to  a  periodically  varying  force  or 

motion  which  many  be  either  steady-state  or  transient  in 

nature.  Vibration  is  defined  here  as  a  vibratory  motion 

of  the  aircraft  structure  which  is  steady-state  in  nature 

and  may  consist  of  one  or  more  frequencies  with  toe  motion 

at  each  frequenoy  being  harmonio*  Steady-state  vibration  may 

be  completely  defined  by  designating  the  frequency  or  frequencies, 

together  with  the  amplitude  at  each  frequency.  The  amplitude  i« 

commonly  definod  in  terms  of  displacement,  velocity  or  acceleration 


The  meaning  of  the  word  "shock"  tends  to  be  vague  and 
indefinite.  It  carries  with  it  a  connotation  of  suddenness, 
and  perhaps  also  of  significant  over-all  motion.  In  impact 
of  rigid  bodies,  the  velocities  of  the  bodies  change 
instantaneously,  and  a  condition  of  shock  clearly  exists* 

Shock  in  aircraft  may,  and  often  does,  originate  from 
suddenly  applied  forces.  These  forces  result  from  gun  nre, 
landing,  aerodynamic  buffeting,  and  similar  conditions* 

The  structures  of  aircraft  are  generally  light  snd  non-rlgia, 
and  thorofore  Incapable  of  transmitting  suddenly  applied 
forces.  The  inpact  forces,  instead,  tend  to  excite  transient 
vibration  of  the  aircraft  structure.  This  transient  vibration 
often  is  of  substantial  amplitude  and  occurs  at  many 
frequencies  which  are  generally  dictated  by  (1)  the  natural 
frequencios  of  the  aircraft  structures  and  1 2)  the  frequency 
comooncnts  In  the  applied  impact  force.  In  this  r sport,  an 
oscillating  motion  will  bo  referred  to  as  vibration  if  It  la 
sufficiently  regular  that  it  can  be  defined  by  a  frequency  or 
frequencies  together  with  the  otoady-state  amplitude  at  each 
frequency.  If  It  doos  not  meet  those  requirements,  it  must 
be  considered  transient  in  nature,  and  will  bo  referred  to  as  a 
chock  motion.  It  is  not  possible  to  deflno  a  shock  motion  by 
assigning  numerical  values  to  established  parameters.  A  shock 
motion  can  bo  defined  adequately  only  by  describing  the  time 
history  of  a  physically  significant  parameter,  such  as 
acceleration,  velocity  or  displacement. 


Although  shock  or  transient  vibration  enn  bo  described 
only  by  an  oscillogram  sotting  forth  the  time  history  of 
acceleration,  displacement  or  velocity,  such  oscillograms 
are  not  Included  in  roforer.ee  55  of  Appendix  III  which 
nominally  is  the  basis  for  the  present  study.  It  has  been 
necossary  to  gc  beyond  the  initially  intended  scope  of  this 
investigation  and  to  obtain  oscillograms  of  vibration  and  shook 
conditions  suitable  for  anal>sis  leading  toward  the  establishment 
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ot  laboratory-  testing  procedures.  A  number  or  oscillogram m 
girling  acceleration  as  a  function  of  time  hare  been  made 
available  to  the  Contractor  by  the  Aircraft  Laboratory.  Wrlriit 
Development  Center^ Wright-Fat tereon  Air  Perce  Base.  From  ^ 
among  this  group  of  records*  selections  were  made  for  analysis* 
All  of  the  records  analysed  were  the  results  or  measurements 
made  at  the  centeivof-gravity  of  the  respective  aircraft 
during  a  landing.  Insofar  as  could  be  determined  prior  to 
analysis*  the  reoords  were  seleoted  on  the  criterion  that 
they  be  the  most  severe  of  the  group*  and  represent  a 
diversity  of  characteristics  so  that  the  results  would  bo 
representative  of  a  range  of  shock  conditions.  The  seleoted 
oscillograms  are  set  forth  as  insets  to  the  several  sheets 
comprising  Appendix  II,  wherein  the  particular  aircraft  aro 
identified.  The  details  of  the  analysis  carried  out  on  these 
reoords  are  dlsoussed  in  a  subsequent  section  of  this  report. 

Is  evident  that  the  vibration  environment  in  alroraft 
during  actual  operating  conditions  must  be  known  to  form  s 

^®!8tab22aJr9n2  of  laboratory  testing  procedures, 
vibratio..  .n  aircraft  has  been  measured  by  many  agencies. 

These  agonies  used  a  wide  variety  of  instrumentation  and 
adopted  various  methods  of  reporting  the  data.  All  such 
data  available  several  years  ago  were  examined  and  correlated 
during  a  project  initiated  by  Cui  t  as-Wright  Corporation  and 
completed  by  North  American  Aviation,  Inc.  The  results  of 
this  analysis  are  set  forth  in  reference  $$  of  Appendix  III. 
a  voluminous  report  containing  a  great  mass  of  data.  The 

follows*8*  °f  those  data  is  to  many  qualifications  as 

(a)  The  data  are  reported  without  regard  to  probable 
occurrence  in  actual  service  conditions.  In  the 
reference*  the  repeated  recurrence  of  similar  data 

Indicate  only  that  trouble  was  being  encountered 
undar  certain  conditions,  and  that  repeated  measurements 
became  necessary.  Other  conditions  more  likely  to 
occur  in  service  may  be  represented  in  the  reference 
f®w.dat&  if  .there  were  no  circumstances 
requiring  ropeated  measurements.  For  these  reasons, 
largo  concentrations  of  data,  as  reported  in  the  * 
reference,  should  not  be  accepted  as  evidence  that 
the  conditions  described  thereby  predominate  in 
actual  service. 

(b)  Some  of  the  data  included  in  the  reference 
ropresent  unrealistic  operating  conditions,  such 

and  maneuvers  that  occurred  during 
flights  made  to  investigate  air-worthiness  of  the 
a^rc?jf r*  **  i3  questionable  whether  such  data 
should  be  included  in  the  present  study.  If  it  la 

il  d®3jrable  to  accord  such  data  less 

opSauSHonSSo^  dStR  rOCOrdf 4  “4*r  »*andard 
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(ef  Some  of  the  data  vara  taken  on  experimental  plane** 
as  Indicated  by  the  prefix  X  on  the  Model  number 
of  the  plane*  Ii*  general*  not  more  than  a  few 
such  planes  exist*  and  the  conditions  Measured 
thereon  are  not  necessarily  typical  of  those  that 
may  be  expected  to  be  encountered  by  aircraft 
equipment  in  general* 

(d)  The  reference  includes  a  number  of  neasurenenta 
mads  at  locations  on  the  airframe  not  suitable 
for  mounting  electronic  and  other  accessory 
equipment*  Inasmuch  as  the  purpose  of* this  study 
is  to  establish  testing  procedures  for  such 
equipment*  it  would  appear  evident  that  measurement* 
made  at  such  locations  should  be  deleted  from 
consideration  in  this  analysis* 

(e)  The  reference  describes  all  vibration  and  shock 
environments  in  terras  of  numerically  defined 
amplitudes  and  frequencies*  There  is  no  apparent 
distinction  between  transient  and  steady-state 
conditions*  It  thus  becomes  necessary  to  apply 
careful  discrimination  to  the  interpretation  of 
the  data  to  Insure*  if  possible*  that  transient 
data  are  not  being  treated  aa  steady-state  data* 

For  the  several  reasons  set  forth  above*  it  has  been 
considered  necessary  to  reconsider  the  environmental  data 
set  forth  in  reference  55  of  Appendix  III.  Those  data  are 
expressed  in  terms  of  double  amplitude  as  a  function  of 
frequency*  By  screening  the  tabulated  data  in  reference  55* 
the  plot  shown  in  Figure  2  was  obtained.  This  figure  Include* 
data  taken  only  from  measurements  on  primary  airframe  structures 
of  fuselage  nose  and  center  sections*  Data  obtained  from 
measurements  on  equipments*  experimental  type  planes*  and 
obsolete  planes  have  been  excluded*  An  effort  was  in 

the  plotting  of  Figure  2  to  include  only  the  substantially 
steady-state  vibration  resulting  from  normal  tactical  flight* 

It  is  hoped  that  this  figure  excludes*  to  a  substantial  extent* 
data  representing  transient  resulting  from  landing*  gunfire* 
and  unusual  flight  conditions*  This  cannot  be  guaranteed* 
however,  because  in  many  cases  the  actual  flight  conditions  are 
not  known* 

An  envelope  indicated  by  line  A  in  Figure  2  has  been  drawn 
around  the  spectrum  of  experimentally  obtained  vibration  data* 
These  data  represent  measurements  made  only  on  aircraft  powered 
by  reciprocating  engines*  Reference  55  includes  relatively  few 
measurements  on  airframe  structures  of  Jet-powered  aircraft  during 
conditions  of  normal  tactical  flight  which  would  qualify  for 
presentation  in  Figure  2.  These  data  have  been  examined  with 
regard  to  frequency  and  amplitude  ranges,  and  insofar  as  it  is 
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possible  to  Judge,  they  fall  within  the  envelope  indicated 
by  line  A  in  Figure  2*  The  envelope  A  in  Figure  2  nay  thus 
be  considered  representative  of  the  envelope  of 
vibration  conditions  in  all  types  of  aircraft* 


•The  data  reported  in  reference  55  describing  the  environment 
in  various  types  of  aircraft  powered  by  reciprocating  engines 
have  been  examined  statistically*  The  results  of  this 
statistical  analysis  are  set  forth  in  reference  70*  This 
analysis  reveals  the  trend  of  a  median  line  whloh  establishes 
the  relation  between  frequency  and  aznplitudo.  It  also 
establishes  a  line  parallel  with  the  trend  line  below  whloh 
95%  of  all  data  lie*  The  Inference  to  be  drawn  from  the 
analysis  is  that  the  95%  line  constitutes  a  reasonable 
expectancy  limit  for  use  in  formulating  specification 
requirements*  It  is  set  forth  on  Figure  2  as  onvelope  B# 


Existing  data  on  steady— state  vibration  in  Naval  aircraft 
have  been  examined  independently  by  personnel  of  the  Bureau 
of  Aeronautics  of  the  Navy  Department*  As  a  result  of  this 
analysis*  an  envelope  representing  nm-x-Twmm  severity  of 
expected  vibration  has  been  formulated*  This  envelope  Is 
shown  by  line  C  In  Figure  2*  At  the  lower  frequency  part  of 
the  spectrum*  the  envelope  has  two  branches*  The  lower  of 
these  branches  is  considered  representative  of  the  fuselage 
center  section*  while  the  upper  is  considered  representative 
of  the  fuselage  tall  section  and  wing  outer  panels* 


It  is  interesting  to  compare  the  envelope  derived  from 
a  refinement  of  reference  55  with  similar  data  complied  in 
E2gZ?ndi  The  lafcter  ara  available  in  Specification  0*100 
of  the  Royal  Aircraft  Establishment.  Data  are  given  in  this 
specification  for  several  regions  of  aircraft.  An  envelope 
for  the  central  region  is  indicated  by  line  D  in  Figure  2, 
and  a  corresponding  envelope  for  outer  region  of  alroraft 
is  given  by  lino  E  in  Figure  2*  Central  regions  are  defined 
as  the  main  fuselage  and  inboard  wing  sections*  while  outer 
regions  aro  described  as  constituting  the  tail  and  outboard 
wing  sections.  A  comparison  of  tho  British  data  with  that 
obtained  from  a  refinement  of  reference  55  shows  that  the 
vibration  amplitudes  embodied  in  the  British  data  are  lower 
a;vlo?/roqu£ncy  vibrat3-°n  and  higher  at  high  frequency 
vibration.  This  leads  to  the  suggestion  that  some  of  the 
low  frequency  data  set  forth  in  reference  55  may  represent 

con^tlons*  If  thla  is  truo,  such  data  should  be 
deleted  from  the  summary  of  steady-state  conditions.  It  is 
unfortunate  that  the  original  data  fron  which  reference  55 
was  prepared  are  not  readily  available  for  review. 


The  vibration  data  presented  in  reference  55  refer 
predominantly  to  aircraft  powered  by  reciprocating  engines, 
although  some  data  are  available  for  alroraft  powered8  by 
Jot  engines.  The  relative  vibration  levels  in  these  two 
°f  £*rcraft  bave  to  much  discussion*  «.-»d  many 

f^essed  regarding  the  magnitudeof  the 
vibration  existing  in  jet  powered  aircraft.  The  opinion  of 
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British  authorities  on  this  subject,  as  expressed  in 
Specification  Q.100,  are  of  interest:  "With  the  introduction 
of  jet  turbine  and  jet  turbine  propeller  power  units,  early 
subjective  opinions  led  to  the  belief  that  some  relaxation 
of  vibration  test  requirements  would  be  possible,  particularly 
at  the  lower  end  of  the  frequency  range.  Subsequent  vibration 
measurements,  however,  have  shown  that  although  there  may  be 
considerable  reduction  in  vibration  level  at  moderate 
cruising  speeds  in  still  air,  this  is  not  the  case  during 
the  sore  severe  operational  conditions  such  as  high  speed 
flight  and  maneuvers.  In  the  more  severe  conditions,  the 
amplitudes  have  reached,  and  in  a  few  cases  exceeded,  the 
levels  now  quoted.  Such  high  amplitudes  have  not  been 
confined  to  any  particular  part  of  the  frequency  range,  and 
no  relaxation  of  t be  teet  amplitude  frequency  curves  has 
therefore  been  made  for  jet  powered  aircraft  from  the  evidence 
at  present  available •* 


The  assignment  of  numerical  values  td  the  envelope  of 
maximum  vibration  conditions  is  important.  This  envelope 
defines  a  region  whose  coordinates  are  amplitude  and 
frequency,  and  in  which  all  steady-state  aircraft  vibration 
is  likely  to  occur.  The  significance  of  the  envelope  is 
that  airborne  equipment  must  be  capable  of  withstanding  for 
an  indefinite  period  any  combination  of  amplitude  and 
frequency  represented  by  a  point  on  or  below  the  envelope. 
Difficulties  of  interpretation  arise  because  most  of  the 
data  are  the  abstracted  data  sat  forth  in  reference  55,  and 
the  original  data  from  which  such  abstract  was  drawn  ars  not 
roadlly  available.  Several  of  the  envelopes  devised  by  other 
ogonclos  and  included  in  Figure  2  are  subjected  to  the  3ame 
limitations  because  they  are  based  upon  the  same  abstracted 
data.  Taking  such  data  at  its  face  value,  envelope  A  is 
indicated.  Based  upon  limited  information  on  the  nature  of 
available  records,  tho  authors  of  this  report  have  some 
reservations  regarding  tho  validity  of  the  envelope.  These 
reservations  aro  based  upon  the  suspicion  that  certain  of  the 
environmental  data  have  been  recorded  as  stoady— 3tato,  whereas 
fcnoy  are  in  fact  transient.  It  is  hoped  to  have  the  opportunity 
an“lyz®  cortain  basic  flight  data  at  a  future  time  and 
thereby  eithor  confirm  the  established  envelope  or  modify  it  to 
ogroo  with  measured  environmental  conditions. 

Considering  tho  vibration  data  reported  in  reference  55. 

aPP1*  thoreto,  and  tho  interpretations 
, — oc®  other  data  that  have  boon  nado  independently  by 

°i'ir3r..S'~*0n£*<53'  a  coslPoaIte  onvolopo  of  maximum  expected 
vibration  has  been  drawn  as  follows: 

A  displacement  amplitude  of  0.030  inch  peak-to- 
poak  at  all  frequencies  betwoen  10  and  50  cycles  per 
cocond,  and  an  acceleration  omplitudo  of  lux  all 
frequencies  between  50  and  500  cycles  per  second 

tf£35C  TH  514-272 


11 


This  composite  envelope  Is  indicated  by  line  F  Is 
Figure  2*  It  Is  evident  that  this  envelope  Is  a 
good  fit  to  test  data  and  that  it  is  consistent  with 
other  Interpretations  of  the  appropriate  vibration 
envelope*  Any  apparent  deviation  of  envelope  F 
from  experimental  data  is  easily  justified  by  the 
fact  that  the  envelope  nay  be  expressed  slnply  as  a 
maximum  displacement  amplitude  at  low  freqtnnoles  and  a 
gaxlamm  acceleration  amplitude  at  high  frequencies. 

The  envelope  extends  to  approximately  500  ops* 
although  few  experimental  points  lie  above  200  ops* 
This  lack  of  data  at  high  froquonoy  may  be  tho  result 
of  limited  response  of  instruments  or  to  dolotions  in 
tho  interpretation  of  the  data*  The  envelope  P  in 
Figuro  2  le  redrawn  in  Figure  3  in  tonas  of  maximal 
acceleration  aa  a  function  of  froquonoy* 
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RESPONSE  of  elastic  systems  to  steady-state  vibration 

A  vibration  test  embodying  an  exaggerated  test  amplitude 
intended  to  cause  failure  of  the  equipment  after  a  relatively 
short  time  duration  will  be  referred  to  here  m  an  accelerated 
vibration  test.  An  hypothesis  of  accelerated  testing  may  be 
formulated  by  referring  to  the  single-degree-of -freedom  system 
shown  in  Figure  4.  This  system  consists  of  ^naar 

spring  k  supporting  a  rigid  mass  m  constrained  by  vertical 
guides  to  move  only  along  a  vertical  line*  The  motion  ^  of 
the  supported  mass  is  induced  by  the  steady,  simple  . 

motion  x  of  the  base.  The  motion  of  the  base  may  be  described 
by  the  following  expression* 


i*  a#stnwt 


(1) 


where  x  is  the  displacement  amplitude  of  the  vibration  of 
the  base  In  the  vertical  direction  and  «  Is  the  vibration 
frequency  expressed  In  radians  per  seoond. 

A  complete  solution  of  the  differential  equation 
describing  the  motion  of  this  system  includes  terms  repre¬ 
senting  the  tranoient  motion  of  the  mass  at  the  natural 
frequency  of  the  mass-spring  system.  (Soe  reference  2  or 
Appendix  III).  The  natural  frequency  is  expressed  in  unite 
of  radians  per  second  by 


and  in  units  of  cycles  per  socond  by 


fn* 


^A> 


In  any  practical  system,  the  spring  will  embody  some  damping, 
and  these  transient  vibrations  will  bo  damped  out  ultimately* 
The  motion  of  the  mass  cay  then  be  assumed  to  be  simple 
harmonic  at  tho  same  frequency  as  the  motion  of  the  bane,  but 
nith  a  different  amplitude.  The  relation  botweon  tho  motion 
of  tho  mounted  mass  and  the  motion  of  tho  base  is  Illustrated 
In  Figure  5.  The  vertical  scale  is  the  ratio  of  displace¬ 
ment  amplitudes,  or  since  both  x  and  £  occur  at  the 
frequency,  the  vertical  scale  also  ropresonts  the  ratio  or 
acceleration  amplitudes.  The  horizontal  scale  is  the  ratio 
of  the  forcing  frequency  w  to  the  natural  frequency!*  of  the 
mass  spring  systom.  For  an  undamped  system,  the  ourve 
theoretically  reaches  Infinity  at  a  frequonoy  ratio  of  unity. 
This  is  a  condition  of  resonance.  All  practical  systems  have 
some  damping,  and  the  omplitude  at  resonance  is  a  finite 
value,  as  shown  In  Figure  5. 

If  the  spring  in  the  system  of  Figure  4  is  linear  and  if 
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the  mass  is  infinitely  rigid,  the  relation  between  the 
acceleration  of  the  mass  and  the  defleation  of  the  spring  Is 
given  by  the  lollowlng  equation: 

my*  K*-yl  (2) 


Inasmuch  as  the  stress  in  the  spring  Is  proportional  to  the 
deflection  (x-*)  of  the  spring,  the  stress  Is  also  directly 
proportional  to  the  acceleration  of  the  mass*  This  relation 
may  now  be  extended  by  analogy  to  the  hypothetical  equipment 
illustrated  in  Figure  1*  The  parameter  x  may  be  considered 
to  represent  the  motion  of  the  airframe  while  the  parameter 
▼  represents  the  motion  of  the  center  of  the  panel*  The 
mnri mum  expected  motion  of  the  airframe  Is  defined  by  the 
acceleration-frequency  plot  shown  in  Figure  3  while  the  ratio 
of  the  maximum  acceleration  of  the  panel  to  the  maximum 
acceleration  of  the  airframe  is  given  by  Figure  5.  Conse- 
quantly,  the  maximum  expected  acceleration  of  the  panel  la 
the  product  of  the  ratio  given  in  Figure  5  and  the  maximum 
acceleration  of  the  airframe  given  in  Figure  3.  Repeated 
stressing  of  the  panel  thus  occurs  because  its  central  part 
is  being  loaded  with  an  inertia  force  proportional  to  the 
maximum  acceleration  of  tha  center  of  the  panel.  Furthermore, 
components  mounted  upon  the  panel  are  also  subjected  to 
repeated  stressing  because  the  forces  applied  thereto  increase 
as  the  vibration  of  tha  panel  increases.  This  involves 
consideration  of  the  strength  of  structural  members  which 
are  subjected  to  repeated  stresses* 


R3W2  4*  IDEALIZED  SYSTEM  INFERRED  TO  IH  D2VEI 
CiF  HYFOTKJ£!3  OF  ACC3.ERA7EO  V1CSAHON  TESTING  • 
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RATIO  OF  DISPLACEMENT  AMPLITUDES  (^/ «#)  OR  ACCELERATION  AMPLITUDE*  C^/*#> 


FOnCffs^  FREQUENCY _ 

RATIO  UKaauKJ0  [j^TU.IAL  FREQUENCY  (  S’) 


nOLCE  5.  RATIO  OF  DISPLACEMENT  AID  ACCELERATION  AMPLITUDES 
DESCRIQIHS  MOTION  OF  SYSTEM  IN  FI6U3E  4  IN  STEADY-STATE 
VIOLATION. 
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The  properties  of  metals  when  subjected  to  repeated 
stressing  have  been  well  Investigated,  and  muoh  data  exist  in 
the  teohnloal  literature  deserlblng  the  results  of  such 
Investigations.  The  tests  are  usually  conducted  by  manu¬ 
facturing  a  numbev  of  test  speolmens  which  are  as  nearly 
identical  to  each  other  as  possible.  These  specimens  are 
used  In  testing  machines  that  are  arranged  to  impart 
alternating  oyoles  of  tensile  and  compressive  stress  to  the 
spoolmon,  or  to  inpart  bending  stresses  alternating  in 
opposite  directions.  Tests  are  then  run  under  alnllar 
conditions  for  eaoh  specimen,  except  that  a  different  value 
of  maxi mum  stress  Is  selected  for  each  specimen  in  the  test. 
Repeated  applications  of  stress  according  to  the  selected 
stress  pattern  are  then  applied  until  the  specimen  fails.  It 
Is  usually  found  that  a  spoclmen  with  a  lower  maximum  stress 
will  endure  a  greater  number  of  oycles  of  stress  reversal 
than  a  specimen  with  a  higher  maximum  stress.  The  results 
are  commonly  reportod  as  shorn  by  the  typioal  curve  in 
Figure  6.  This  curve  is  commonly  referred  to  as  the  S-M 
curve,  where  3  represents  the  maximum  stress  and  H  represents 
the  number  of  cyoles  to  failure.  The  exact  chape~of  the  curve 
differs  somewhat  from  metal  to  metal.  Tho  curves  for  many 
notals  have  a  well-pronounced  knee,  and  the  curve  extends 
in  a  substantially  horizontal  direction  rightwardly  from  the 
knee  for  an  infinite  number  of  cycles.  This  means  that  if 
tho  maximum  stress  is  below  the  level  represented  by  this 
horizontal  part  of  the  lino,  tho  specimen  will  endure  an 
inflnitoly  large  number  of  cycles  without  experiencing 
failure.  This  stress  level  is  referred  to  as  the  ondurance 
limit  for  tho  material. 

It  was  pointed  out  that  the  maximum  stress  in  the  spring 
k  in  Figure  4 m tends  to  bo  proportional  to  the  maximum 
acceleration *yn  of  tho  mounted  mass  m.  Consequently,  the 
parameter  of  tho  ordinate  scale  In  Figure  6  may  be  changed 
from  maximum  stress  to  maximum  acceleration  of  the  mass  m 
if  the  endurance  properties  of  tho  spring  k  are  to  be 
investigated.  Since  the  maximum  acceleration  V0  of  the  mass 
n  and  tho  maximum  acceleration  Xq  of  the  support  aro  related 
as  shown  In  Figure  5,  the  maximum  acceleration  Yp  of  the 
mass  and  the  maximum  acceleration  'Xq  of  the  support  are 
directly  proportional  for  any  given  forcing  frequency.  This 
makes  it  possible  to  draw  the  family  of  V  -  H  curves  illus¬ 
trated  in  Figure  7  by^converting  S  in  Figure  6  to  the 
appropriate  value  of  go,  and  then  multiplying  by  the  applicable 
ratio  obtained  from  Figure  5.  The  vertical  scale  is  the 
maximum  acceleration  of  the  support,  the  horizontal  scale  N 
Is  the  number  of  cycles  to  failure,  and  each  of  the  curves 
corresponds  to  a  particular  forcing  frequency.  I!ow  Just  as 
each  specimen  has  a  characteristic  S-N  curve  as  shown  in 
Figure  6,  each  system  may  be  considered  to  have  a  characteristic 
-  N  -  f  relation  as  shown  in  Figure  7,  where  it  is  presumed 
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that  tixe  natural  frequency  of  the  system  and  the  relation 
between  S  and  j^,  are  known* 

The  conditions  defined  by  the  family  of  curves  in  Figure 
T  east  be  expressed  wore  conveniently  in  three  dimensions  a* 
the  surface  shown  in  Figure  8*  This  surface  will  be  referred 
to  as  a  failure  surface*  Each  equipment  has  a  failure 
st.rf aoe  that  is  typical'  of  that  equipment,  and  the  surfaoe 
fully  defines  the  combination  of  parameters  that  will  produce 
failure  of  the  equipment*  The  parameter  of  the  vertioal 
coordinate  axis  if  the  maximum  aoceleration  embodied  in  the 
vibration  of  the  support  in  Figure  4,  the  left-hand  axis  is 
the  test  frequency  In  oyoles  per  second,  and  the  right-hand 
axis  represents  the  number  of  oycles  to  failure* 

The  surface  Illustrated  in  Figure  8  is  for  a  hypothetical 
equipment  having  resonant  frequencies  fg  and  £4*  Resonant 
frequencies  are  indicated  by  valleys  in  the  Surface,  beoause 
a  lower  value  of  applied  acceleration  'i#  is  required  to  cause 
failure  if  the  test  frequency  coincides  with  one  of  the 
natural  frequencies  of  the  equipment*  These  valleys  extend 
generally  parallel  to  the  -  N  plane  so  that  any  plane 
through  the  surface  parallel  to—the  Vq  -  f  plane  shows 
depressions  at  the  characteristic  resonant  frequencies*  The 
failure  surface  for  a  slngle-degree-of -freedom  system  would 
show  only  a  single  valley,  because  such  a  system  has  only 
one  natural  frequency.  The  failure  surfaoe  for  a  complex 
equipment  would  show  many  valleys,  depending  on  the  number  of 
frequencies  at  which  damaging  resonances  00 our  within  the 
equipment.  The  valleys  in  a  particular  failure  surfaoe  may 
be  of  different  depths  if  the  resonances  that  the  valleys 
represent  apply  to  structures  with  different  degrees  of 
damping* 

Assuming  that  the  failure  surface  is  in  existence  for 
the  equipment  being  consldored,  a  specification  for  an 
accelerated  teat  may  now  be  formulated.  A  time  in  hours  is 
first  selected  nhioh  represents  tho  duration  of  the  actual 
sorvloe  in  flight  which  the  equipment  is  required  to  endure* 

A  line  a  is  then  drawn  on  the  f  -  N  plane  to  represent  the 
number  of  cycles  at  each  frequency- that  would  be  required  to 
reach  the  selected  flight  time*  Theoretically,  line  a  would 
bo  curved  as  shown  In  Figure  8  beoause  the  number  of  cycles 
in  a  givon  period  increases  with  an  inorease  in  frequency* 
Practically,  a  plane  may  be  used  because  the  failure  surface 
is  parallel  with  the  H  axis  for  large  values  of  N*  A  curved 
surfaoe  Is  then  gonerated  by  a  vertically  extending  line  moving 
^along  tho  path  a  drawn  on  the  f  -  N  plane.  The  envelope 
V«  -  f  representing  the  maximum  severity  of  vibration  con¬ 
ditions  oxpooted  in  flight,  as  set  forth  on  Figure  3,  is  then 
transcribed  onto  the  eurved  surfaoe  which  was  generated  by 
coving  a  straight  line  along  the  path  a  in  Figure  8*  This 
onvelopo  -  f  is  designated  by  b  in  Figure  8* 
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If  the  Intersection  of  tfam  failure  surface  with,  the 
surface  generated  along  line  falls  below  the  envelope  b  of 
maximum  vibration  conditions,  failure  of  the  equipment  may  be 
expected  during  flight  if  the  vibration  environment  in  the 
particular  aircraft  is  at  the  maximum  expected  level*  The 
condition  of  predicted  failure  is  indicated  by  the  cross- 
hatched  area  in  Figure  8*  For  this  particular  equipment^  it 
is  thus  indicated  that  the  component  having  a  resonant 
frequency  £*  may  fail  before  the  equipment  receives  lig  cycles 
of  vibration*  The  probability  of  the  equipment  failing  is 
equal  to  the  probability  that  the  vibration  level  in  the 
particular  airplane  reaches  the  maximum  expected  level* 

Inasmuch  as  Figure  8  predicts  possible  failure  of  the 
component  with  a  natural  frequency  £4  during  flight  condi tions, 
the  accelerated  testing  procedure  for  laboratory  use  should 
cause  failure  of  the  same  component*  The  accelerated  testing 
procedure  is  established  by  selecting  a  relatively  small  value 
for  the  number  of  cycles  to  failure,  as  designated  by  Mi  in 
Figure  8*  In  this  instance,  is  made  small  enough  to  be 
feasible  for  laboratory  testing.  It  is  now  ne^ceBsary  to 
construct  a  new  surface  whose  coordinates  are  x  and  f, 
intersecting  the  N  axis  at  the  value  Nj_»  This  newly  selected 
surface  may  be  a  plane  as  shown  in  Figure  8*  If  the  selected 
test  procedure  applies,  the  same  number  of  cycles  of  vibration 
at  each  test  frequency;  i*e*,  a  shorter  testing  time  at  the 
higher  frequencies,  the  surface  N  ■  Nj.  will  be  a  plane.  If 
It  is  desired  to  conduct  a  test  for  equal  periods  at  each 
testing  frequency,  the  surface  in  the  region  of  the  number  Hi 
will  be  a  curved  surface  generated  by  a  vertical  line  following 
a  curved  path  in  the  f  -  N  plane.  This  corresponds  to  the 
procedure  used  to  establish  the  surface  representing  flight 
conditions  except  that  the  number  of  cycles  is  small  to 
correspond  to  laboratory  conditions* 

The  laboratory  test  conditions,  as  represented  by  line 
<b,  are  now  inscribed  upon  the  surface  recently  constructed  In 
the  region  of  the  value  Nj.*  If  the  laboratory  test  Is  to  be 
valid,  the  lino  c  defining  the  laboratory  testing  procedure 
must  intersect  the  failure  surface  at  the  frequency  £4  but 
avoid  Intersection  at  the  frequency  This  indicates  that 

the  component  having  a  natural  frequency  £4  will  fail  during 
laboratory  testing*  The  validity  of  the  laboratory  tost  thus 
tends  to  be  established,  because  It  predicts  the  same  type  of 
failure  predicted  for  service  of  the  equipment  in  actual 
flight. 

The  hypothesis  embodying  the  failure  surface  is  difficult 
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to  apply  in  formulating  an  accelerated  testing  procedure, 
primarily  because  the  failure  surface  is  not  known  to  exist 
for  any  particular  equipment.  A  tremendous  amount  of  testing 
would  be  required  to  establish  a  single  surface.  If  sufficient 
testa  were  conducted.  It  would  undoubtedly  be  found  that 
failure  conditions  would  be  described  by  a  blanket  of 
appreciable  thickness  rather  than  by  a  surface  of  tero 
thickness.  This  is  expected  because  the  scatter  of  results 
in  endurance  testing  is  relatively  great,  and  soatter  would 
tend  to  produce  a  blanket  rather  than  a  surface.  In  the  hope 
that  significant  data  exists  from  which  a  failure  surface 
could  be  plotted.  Contractor  solioited  test  data  from  more 
than  300  potential  sources  of  such  Information.  The  result* 
obtained  from  these  Inquiries  indicate  that  the  data  probably 
do  not  exist.  It  thus  becomes  necessary,  in  order  to  apply 
this  hypothesis  using  a  failure  surface,  to  make  certain 
assumptions  as  follows 1 

fg)  It  must  be  assumed  first  that  the  shape  of  the 

V  _  N  curve  is  similar  to  the  shape  of  the  S  -  N 
curves  obtained  by  subjecting  specimens  of  material 
to  repeated  stresses  under  closely  controlled 
conditions.  This  assumption  may  be  valid  for 
certain  conditions  in  which  the  failure  occurs  as 
a  result  of  repetition  of  excessive  s  tress  In  the 
equipment  being  tested.  In  othor  circumstances, 
the  failure  may  have  little  relation  to  stress^, 
and  the  assumption  of  an  analogy  between  the  Jo  -  M 
and  S  -  N  curves  may  bo  unwarranted.  Assuming  the 
analogy  to  be  valid,  because~xiQ  other  assumption 
appears  indicated,  it  may  be  assumed  that  the 
*x  -  N  curve  is  flat  for  values  of  N  greater  than 
jF?ve  million,  and  has  an  established  slope  for 
values  of  N  less  than  five  million  and  greater 
than  one  thousand. 

(b)  It  may  be  further  assumed  that  all  equipment 
installed  in  aircraft  will  be  required  to  endure 
more  than  five  million  cycles  of  vibration.  A 
soale  of  values  may  then  be  assigned  to  the  x^ 
axis  in  such  a  way  that  the  flat  part  of  the 

So  ”  N  curve  (E>5  10°)  is  sufficiently  far  above 

the  measured  values  of  acceleration  in  aircraft 
service  that  the  valleys  of  the  failure  surface  do 
not  fall  below  the  environmental  line  (b  in  Figure 
8)  when  large  values  of  N  are  assumed. 

(c)  It  may  be  assumed  that  the  depth  of  each  valley  Is 
proportional  to  tho  height  of  the  surface  In  the 
region  of  the  valley.  This  is  equivalent  to 
assuming  that  tho  damping  associated  with  each 
resonant  element  Is  equal  and  doe3  not  vary  with 
amplitude  of  vibration.  It  13  with  some  misgiving 
that  this  assumption  is  made  beoause  damping  is  neither 
uniform  nor  linear  in  many  instances. 
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F1GUR2  O*  TYPICAL  3TR2CC-CYCLE  DIAGRAM  SK83IK0  PROPERTIES 
OF  STEEL  WK2S3  GU3J2CTED  TO  R2FEA7ED  &TC2S0IN8* 
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ACCELERATION  AMPLITUDE  l  ij 


HUNGER  OF  CYCLES  TO  FAILURE  (AO 


FIGURE  7-  TYPICAL  CURVE  SJSCIYIRO  ENDURANCE  PROPERTIES  OF 
SYSTEM  ILLUSTRATED  IN  FIGURE  4,  FOR  A  GIVEN  NATURAL 
FREQUENCY  AND  KK&ON  RELATION  E2TWGEN  y0  AND  ^ 
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Hg-f  FROM  FIGURE  3 


RCU3S  0*  FAILURE  S9K5&S  FOR  EQUIPS  EOT  HAVIK3  COMPONENTS 
WITH  IJATlinAL  PRSCUSttCGS  f*  AMD  fi» ,  AND  SUPERIMPOSED  ENVELOPES 
8HOV3IK3  ENVIRONMENTAL  AMO  LABORATORY  CONDITIONS* 
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CORRELATION’  OF  VIBRATION  AND  FAtIiKJK 

The  technical  literature  on  fatigue  or  endurance  testing 
has  been  very  carefully  surveyed  to  an  attest 
the  validity  of  assumption  (a)  in  the  previous  section.  Tne 
principal  source  of  data  has  been  reference  5-  This  survey  has 
established  the  following  numerical  vaiueswhichareassuaedfor 
purposes  of  this  analysis  to  be  represents  tire  of  the  propel  ties 
of  metals  subjected  to  repeated  stressing 


(a)  The  curve  of  maximum  stress  in  steel  as  a  function 
of  number  of  cycles  to  failure  is  substantially 
flat  for  cycles  greater  than  five  million.  In 
other  words,  if  a  test  specimen  made  of  steel 
has  not  failed  after  having  been  subjected  to 
five  million  stress  reversals,  it  is  probable 
that  failure  will  not  occur  if  the  test  is  con¬ 
tinued  indefinitely. 

i  (b)  The  maximum  3tress  at  which  infinite  life  of  the 

test  specimen  is  obtained  is  on  a  general  average 
38  per  cent  of  the  ultimate  strength  of  the  material. 
In  other  words,  the  maximum  stress  for  whloh  five 
million  stress  reversals  may  be  obtained  wi  thout 
failure  is  38  per  oent  of  the  stress  at  which  failure 
will  occur  upon  one  application  of  load.  Further 
j  generalizing  on  the  basis  of  the  typical  S— N 

curve  shown  in  Figure  6,  the  maximum  stress  at 
'  103  cycles  to  failure  is  assumed  equal  to  the 

!  maximum  stress  at  one  cycle  to  failure. 

1  The  endurance  or  stress-cycle  curve  taken  from  the  above 
generalization  is  shown  by  line  I  in  Figure  9.  Point  A 
in  Figure  9  corresponds  with  points  A  on  the  failure  surface 
!  in  Figure  8.  The  acceleration  amplitude  scales  xQ  are  brought 
into  correspondence  by  establishing  a  scale  on  Figure  9  so 
that  the  acceleration  amplitude  x*0..at  point  A  on  Figure  9 
equals  the  acceleration  amplitude  Xo  at  bha  a 

|  depression  in  Figure  8  that  is  representative  of  the  particular 
!  element  considered  vulnerable.  This  assumes  that  Np>5*l0° 
in  Figure  8. 
i 

i  A  question  naturally  arises  concerning  the  validity  of 

endurance  tests  of  materials  as  a  basis  for  establishing 
vibration  test  specifications.  All  known  vibration  test 
data  bearing  on  this  relationship  have  been  studied.  Useful 
data  are  extremely  scarce,  but  the  fragmentary  information 
that  is  available  tends  to  lend  validity  to  the  assumption: 

(a)  The  Calidyne  Company,  under  Contraot  #DA-36-039 
j  SC-55U5  with  the  U.  S.  Array  Signal  Corps  Engineering 

Laboratories,  conducted  an  Investigation  of  fasteners 
j  for  mounting  electronic  components.  In  the  course 

j  of  this  work,  extensive  vibration  tests  were  oon~ 


1 


k 
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ducted  on  complete  equipments  and  on  typical 
components*  The  components  tested  were  not 
Identical  and  it  is,  therefore,  impossible  to 
establish  an  endurance  curve*  The  number  of 
cycles  of  vibration  necessary  to  cause  failure 
of  the  various  components  has  been  analyzed, 
however,  and  the  results  are  shown  in  Figure  10* 

It  is  evident  that  substantially  all  failures 
occurred  at  fewer  than  five  million  cycles  of 
vibration,  and  that  failure  did  not  occur  if 
the  component  withstood  3«U  million  cycles* 

This  tends  to  confirm  the  previous  conclusion  that 
,  "" "a* curve  of  acceleration  amplitude  vs.  cycles  to 

failure  becomes  horizontal  for  cycles  greater  than 
five  million. 

(b)  Vibration  tests  to  failure  were  conducted  by 

Contractor,  using  a  number  of  identical  resistors* 

The  resistors  were  supported  by  attaching  the 
leads  at  opposite  ends  to  spaced  binding  posts* 

Several  resistors  were  grouped  on  a  common  panel 
and  each  group  was  subjected  to  vibration  at  a 
different  level  of  maximum  acceleration.  Although 
the  tests  were  not  conducted  at  a  resonant 
frequency  of  the  resistors,  the  results  are 
useful  to  establish  the  relation  between  accel¬ 
eration  amplitude  and  cycles  of  failure.  Failure 
occurred  generally  by  rupture  of  the  electrical 
leads.  The  test  results  show  considerable  scatter, 
but  the  median  is  indicated  by  line  II  in  Figure  9 
in  which  the  acceleration  amplitude  is  adjusted 
to  attain  coincidence  of  lines  I  and  II  at  N«5xl0°* 

A  comparison  of  lines  I  and  II  In  Figure  9  suggests 
agreement  between  the  results  of  repeated  stressing 
of  metals  and  continued  vibration  tests  of  resistors. 
Insofar  as  the  authors  are  aware,  this  is  the  best 
Information  available  tending  to  establish  a  relation 
between  vibration  amplitude  and  number  of  cycles  to 
failure. 

Although  the  data  discussed  In  the  above  paragraph  tend 
to  establish  laws  of  mechanical  failure,  it  Is  evident  that 
electrical  failure  of  the  equipment  is  equally  important* 

Data  to  establish  the  relation  between  severity  of  vibration 
and  electrical  failures  are  also  scarce*  Fragmentary  data 
on  failure  of  vacuum  tubes  as  a  result  of  vibration,  based 
upon  tests  conducted  by  the  Glenn  L.  Martin  Company  and 
by  the  Armour  Research  Foundation,  have  been  obtained  informally. 
Although  the  severity  of  these  tests  cannot  be  successfully 
correlated  because  resonance  effects  are  not  known,  some 
indications  of  relative  strength  may  be  obtained.  The  test 
results  are  shown  by  line  III  in  Figure  9,  assuming  the 
acceleration  amplitude  to  be  adjusted  to  obtain  coincidence 
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with  lines  I  and  IX  at  I  ■  five  million  cycles.  The  drastically* 
different  slope  of  line  III  Indicates  a  complete  lack  of 
agreement  between  electrical  and  mechanical  failure.  This 
<7And«  to  coat  some  doubt  on  the  validity  of  the  previous 
assumptions.  The  theory  based  upon  mechanical  failure  should 
not  be  ruled  out,  however,  until  additional  significant  data 
on  electrical  failures  are  available.  The  existing  data  on 
electrical  failures  are  pressnted  here  to  illustrate  the 
qualifications  and  limitations  of  the  assumptions  upon  which 
this  analysis  is  based. 
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ACCELERATION  AMPLITUDE  (^) 
ARBITRARY  SCALE 


CYCLES  TO  FAILURE  (N) 


FIGURE  9.  IDEALIZED  ENDUR/iriCE  CURVE  WITH 

superposed  data  sko vrccs  results  of  vibration 
ENDURANCE  TESTS. 
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RESPONSE  ACCELERATION  AftfU* 
SAME  SCALE  AS 


Ql _ I — I — JL — LJ 
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CYCLES  TO  FAILURE  (x  I0“#) 
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FIGURE  10.  MKX3*  OF  CYCLES  TO  FAILURE  IN  VIBRATION  TESTS 

cc::bucteo  dy  calidyre  co. 
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CYCLING  VE.  DISCRETE  TEST  FREQUENCIES  IN  STEADY-STATE  VIBRATION 


If  equipment  fails  during  vibration  teats,  it  Is  probable 
that  failure  occurs  as  a  result  of  a  resonant  structure.  The 
vulnerability  of  a  structure  in  this  respect  i3  &  function 
of  the  internal  damping  of  the  structure.  If  the  damping  Is 
small,  amplification  at  resonance  is  great  and  damage  is  more 
likely.  Vibration  tests  are  more  difficult  to  conduct  if  the 
damping  is  small  because  the  most  damaging  conditions  may  not 
be  obtained  unless  the  test  frequency  is  carefully  monitored. 

The  following  analysis  is  based  upon  an  assumed  internal 
damping  equal  to  2,5%  of  critical  damping  c/cc  =  0.025.  This 
degree  of  damping  gives  an  amplification  at  resonance  of  20 
by  classical  vibration  theory.  This  Is  sometimes  referred 
to  as  a  system  having  a  £  of  20.  if  the  internal  damping 
of  the  structure  is  greater  than  2$%,  the  following  analysis 
tends  to  be  conservative  as  will  become  evident  with  reference 
to  Figure  12.  It  Is  considered  unlikely  that  the  damping  In 
any  practical  structure  will  be  less  then  2k%  for  the  relatively 
large  displacement  amplitudes  being  considered  here. 

It  Is  generally  conceded  that  the  frequencies  embodied 
In  a  vibration  test  should  extend  from  the  lowest  to  the 
highest  found  to  be  significant  from  a  study  of  environmental 
conditions.  One  type  of  vibration  test  involves  a  continuous 
sweep  of  tost  frequency  from  the  minimum  to  the  maximum  and 
back  to  the  minimum.  Another  type  of  test  Involves  vibration 
at  a  constant  frequency  for  a  predetermined  period,  followed 
by  a  period  of  vibration  at  a  slightly  different  frequency, 
and  followed  by  periods  of  vibration  at  other  discrete 
frequencies  until  the  entire  range  of  frequencies  Is  covered. 

The  relative  merits  of  these  two  types  of  tests  will  now  be 
discussed. 

A3  pointed  out  previously.  Figure  9  represents  a  plane 
parallel  to  the  plane  of  acceleration  amplitude  xQ  vs.  cycles 
to  failure  N,  taken  through  one  of  the  valleys  of  the  failure 
eurface  Illustrated  in  Figure  8.  This  would  be  a  critical  test 
for  a  component  having  a  natural  frequency  fg  if  the  vibration 
environment  were  at  the  upper  limit  for  such  environment  as 
established  by  the  line  b.  Such  a  component  would  be  expected 
to  withstand  fivo  million  cycles  of  vibration,,  as  indicated 
by  point  A  in  FIguro  9.  Similarly,  if  N  =  lCr*-,  It  would  be 
oxpectod  "to  baroly  withstand  ten  thousand  cycles  at  a  slightly 
higher  value  of  acceleration  amplitude,  as  Indicated  by  point 
B  In  Figure  9.  Points  A  and  B  in  Figure  9  correspond  to 
points  A  and  B,  respectively,  in  Figure  8. 

In  Figure  8,  the  values  along  the  axi3  represent 
values  of  maximum  acceleration  embodied  In  the  vibration 
environment.  These  correspond  to  acceleration  associated 
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trlth  the  parameter  x  in  Figure  t*.  These  Talues  o f  acceleration* 
when  multiplied  by  the  ratio  Zc/So  *ot  forth  Mgwe  $, 
giro  values  of  maximum  aoeeleration  associated  with  the 
motion  of  the  mass  n  in  Figure  4»  Aa^explained  previously 
with  reference  to  equation  (2>#  the  stress  ix\Jfche  spring  & 
is  directly  proportional  to  the  aooeleration  2  °*  the  mass  S* 

The  relation  between  Xq  and  £o  la  Indicated  In  Figure  9 
wherein  the  point  A  corresponds  to  the  point  A  In  Figure  8 
and  the  response  acceleration  amplitude  la-* indicated  by 

point  1*  The  coordinate  soale  for  ^is  at  the  left  side 
of  Figure  9,  while  the  soale  for  is  at  the  right  side* 

The  soale  for  the  response  acceleration  amplitude  la  for  a 
component  having  2j  percent  of  oritioal  damping.  To  be 
suitable  for  aircraft  servioe  the  component  must  withstand 
the  responds  aoeeleration  amplitude  Zn  lndloated  by  point  1 
for  an  indefinitely  long  duration;  l7e.,  for  a  minimum  of 
five  million  oyolee. 

Slnoe  it  is  not  feasible  to  conduct  a  laboratory  vibration 
test  for  five  million  cycles ,  it  beoomes  necessary  to  seleot 
a  smaller  number  of  cycles  and  an  increased  test  amplitude. 
Selecting  ten  thousand  oycles  W  «  ^4  as  a  reasonable  test 

rariod,  the  acceleration  amplitude  S£  of  the  vibration  test 
s  Indicated  by  point  B  In  Figure  9  ”°  and  the  response 
acceleration  amplitude”^  of  the  componont  is  indicated  by 
point  2.  This  applies  only  if  the  test  frequency  has  been 
adjusted  to  exactly  coincide  with  the  natural  fro queney  f~. 

If  the  difference  between  tOat  and  natural  fre^uonoioa  is* 

1  porcont  the  response  acceleration  amplitude  W  of  the 
component  is  indioatod  by  point  3.  It  is  Important  to  not* 
that  point  3  reproaonts  a  lowor  response  than  point  1* 
Consequently,  failure  of  the  component  may  not  to  expected 
even  though  the  teat  is  continued  indefinitely.  If  the 
mismatch  of  tost  and  natural  frequencies  is  2  percent*  the 
corresponding  response  acceleration  amplitud©  i»  indicated 
by  point  4*  Under  these  circumstances,  it  is  o&Lll  less 
likely  that  failure  -  of  the  component  will  occur  during  the 
tost  period.  This  appears  to  indicate  that  it  is  not  practical 
to  conduct  vibration  tests  at  discrete  froqueiroy  intervals 
because  an  excessively  large  number  of  increments  will  be 
involved  and  because  it  becomes  necessary  to  adjust  the  test 
frequency  with  unreasonable  accuracy. 

The  alternative  to  a  tost  at  discrete  frequencies  is 
one  in  which  the  teat  frequency  is  continuously  varied  between 
limits.  This  may  bo  illustrated  by  roference  to  Figuro  11. 

A  hypothetical  equipment  undor  consideration  is  assumed  to 
Include  two  elements  whose  natural  frequencies  aro  fo  and  Ij,, 
The  teat  frequency  then  is  assumed  to  vary  continuously  from  a 
minimum  of  f  to  a  maximum  f«.  The  environment  is  indicated  by 
line  1  in  Figure  11,  corresponding  to  a  portion  of  thy 
environment  line  b  in  Figure  8. 
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Inasmuch  as  the  laboratory  test  will  be  conduftfced  for- 
relatively  few  cycles,  the  acceleration  amplitude  x.  for 

the  test  la  increased  with  respect  ln 

amplitude  x  of  the  environment,  as  indicated  by  line  3  in 

Figure  11  ."“°Tf  the  environment  Includes  vibration  at  a 
frequency  fg  and  at  an  acceleration  amplitude  corresponding 
to  the  waTiimim  expected  amplitude  represented  by  line  1,  the 
element  whose  natural  frequency  la  f2  will  have  a  response 
acceleration  amplitude  Zq  at  resonance  indicated  by  point  2 
ln  Figure  11.  Dull  ng  the  laboratory  test  with  increased 
acceleration  amplitude  the  element  whose  natural  £e§ue“£?t}*  d 
tp  will  exhibit  the  response  acceleration  amplitude  3L,  outlined 
by  line  1*.  as  ths  test  frequency  continuously  changes  rrom 
f  The  value  of  the  frequency  f^  can  be  determined  » cm 

X  and  Figure  S  if  the  rate  of  change  of  the  teat  frequency  is 
very  slow.  If  the  rate  of  change  is  not  slow,  T  “T have  a 
lower  value  because  the  resonant  condition  endures  only 
momentarily.  Furthermore,  the  element  will  experience  a  very 
small  number  of  cycles  at  maximum  response  acceleration 
amplitude.  It  does,  however,  experience  a  greater  number  of 
cycles  at  somewhat  reduced  amplitudes  on  either  side  of 
resonance  and  certain  of  those  lower  cycles  may  contribute  to 
damage  of  the  element.  As  compensation,  it  may  be  assumed 
that  all  of  the  cycles  in  region  a,  of  Figure  11  which  are  oG> 
or  more  of  the  resonant  response,  experience  maximum  response 
to  compensate  for  neglecting  the  damage  contributed  by  the 
lower  responses  In  adjacent  regions  b. 


The  pattern  by  which  a  continuously  varying  tost  frequency 
varies  la  important.  If  the  test  frequency  varies  too  fast, 
the  response  amplitude  of  equipment  being  tested  does  not 
build  up  as  high  as  predicted  by  3teady-state  vibration  theory. 
If  the  rate  of  variation  of  the  test  frequency  Is  low,  the 
response  anplitude  builds  up  approximately  to  that  obtained 
during  steady-state  vibration  and  It  Is  possible  to  obtain 
an  appreciable  number  of  cycles  of  vibration  at  a  respohse 
close  to  the  maximum.  This  suggests  that  care  should  be 
exercised  In  selecting  a  rate  of  variation  of  the  test 
frequency. 


This  problem  has  been  studied  In  detail  In  reference  22 
of  Appendix  III  and  the  results  are  summarized  in  Figure  12. 

This  figure  illustrates  the  ratio  jL/x  for  a  damped,  single- 
degreo-of-freadom  system  (£  =  20)  at  various  rates  of  change  of 
the  test  frequency  as  a  function  of  the  dimons ionless  time  r^R. 

The  natural  frequency  of  the  vibrating  system  In  cycles  per 
second  is  indicated  by  fn,  h  represents  the  rate  of  change  of 
the  test  frequency  In  cycles  per  second  per  second,  r  represents 
the  total  number  of  free  vibrations  of  the  system  strating  at 
zero  time,  and  R  represents  the  value  of  r  at  which  the  Instantaneous 
forcing  frequency  equals  the  natural  frequency  of  the  system.  A 
large  value  of  R,  therefore  indicates  a  slow  rate  of  change  of 
the  test  frequency.  The  relation  between  f^  h  and  R  is: 

l>=  VH  (3) 
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As  pointed  ocrt  previously,  significantly  great  stress 
cycles  occur  only  at  test  frequencies  approximating  the 
natural  frequencies  of  vulnerable  elements.  It  la  desirable 
that  each  element  of  the  equipment  experience  the  same  number 
of  significant  stress  cyoles  during  vibration  test* 
Independently  of  the  natural  frequency  of  the  element. 
Consequently,  the  rate  of  change  of  the  test  frequency  should 
Increase  as  the  test  frequency  Increases.  Referring  to 
Figure  12,  this  indicates  that  the  dimensionless  ratio  t/R 
should  be  maintained  constant. 


It  is  possible  to  write  an  expression  as  follows  fop 
any  instantaneous  test -frequency  f,  in  terms  of  the  wiwfMmw 
test  frequency  f  and  the  time  t^^required  to  change  the 
test  frequency  from  its  minimunfvalue  f  to  frequency  f^x 


V  V 


(k> 


This  equation  may  be  evaluated  numerically  by  assuming  a 
value  for  the  parameter  R.  It  Is  evident  from  the  relation 
set  forth  in  Figure  12  tEat  the  parameter  R  should  be 
maintained  relatively  large  to  penult  the  response  amplitude 
to  build  up  to  a  significantly  high  value.  A  value  1200  Is 
assumed  for  the  parameter  R.  By  reference  to  Figure  12,  It 
Is  observed  that  the  stress  in  an  element  at  resonance  Is 
above  00  percent  of  the  maximum  value  when  0.990  <  r/R  <  1.037, 
Since  R  -  1200,  1188  <  r  <  12k5.6  and  the  stress  Is  aEova 
80  percent  of  the  maximum  value  for  57.6  cycles  of  vibration 
during  each  sweep  of  the  teat  frequency.  Inasmuch  as  the 
dimensionless  ratio  r/R  is  a  constant*  the  stress  will  exceed 
“0  percent  of  the  maximum  for  any  element,  independent  of  ita 
natural  frequency,  provided  the  rate  of  change  of  teat 
frequency  defined  by  equation  (3)  la  maintained. 

The  results  of  a  numerical  evaluation  of  equation  (k) 
ire  given  in  Table  I.  At  the  rate  of  change  of  the  test 
frequency  Indicated  by  a  value  R  =  J200,  a  period  of 
approximately  180  seconds  is  required  to  increase  the  test 
frequency  fresn  5  to  50  cycles  per  second,  and  approximately 
18  seconds  Is  required  to  increase  the  test  frequency  from 
50  to  500  cycles  per  second.  These  periods  are  noted 
separately  here,  and  will  be  maintained  separate  throughout 
the  discussion  because  different  testing  machines  probably 
are  required  for  testing  in  these  two  frequency  intervals. 

As  the  test  frequency  Is  increased  from  5  to  500  cycles  per 
second  according  to  this  pattern,  each  element  with  a  natural 
frequency  within  this  range  will  experience  a  stress  of  80 
percent  or  more  of  the  maximum  for  57.6  cycles. 
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The  testing  procedure  being  discussed  here  contemplate* 
an  equal  number  of  stress  reversals  throughout  the  frequency 
range,  independent  of  the  test  frequency*  It  is  thus  necessary 
that  the  rate  of  change  of  test  frequency,  h,  increase  as  the 
frequency  increase**  The  necessary  rate  of  change  of  teat 
frequency  is  obtained  from  equation  (3)  by  setting  the  natural 
frequency  equal  to  the  test  frequency.  The  required  rate  of 
change  of  test  frequency  ia  aet  forth  In  Figure  13a  for 
various  values  of  R.  Figure  13b  summarises  the  results  of 
calculations  similar  to  Table  I  for  various  values  of  R,  and 
also  the  number  of  cycles  of  significant  stress?  i*e*,  greater 
than  60%  of  maximum  response*  It  can  be  seen  that  both  the 
number  of  significant  cycles  and  the  sweep  time  increase  in 
direct  proportion  to  R*  Accordingly  it  can  be  concluded  that 
the  total  time  required  for  a  test,  with  an  equal  number  of 
stress  reversals  throughout  the  frequency  range,  is  Independent 
of  R*  The  parameter  R  will  govern  the  number  of  sweeps 
required  to  complete  The  test. 

To  determine  the  relation  between  (1)  the  number  of 
sweeps  between  minimum  and  maximum  test  frequencies  and  (2) 
the  applicable  test  amplitude,  it  Is  necessary  to  define 
the  characteristics  of  curve  I  in  Figure  9.  -The  actual 
numerical  values  which  apply  to  the  ordinate  scale  on 
Figure  9  are  not  important  because  curve  I  is  employed  to 
determine  only  the  ratios  of  acceleration  amplitudes  which 
correspond  to  certain  ratios  of  cycles  to  failure.  Curve  I 
Is  assumed  to  have  a  relative  amplitude  of  unity  at  N  =  10^ 
cycles  to  failure  and  a  relative  amplitude  of  0*38  aT 
N  =  5  x  10°  cycles  to  failure.  Based  upon  a  linear  relation 
between  these  two  extreme  points,  the  equation  defining 
curve  I  in  Figure  9  In  the  Interval  10^  <  N  <5  x  10°  Is: 

V'00“ai67loo|0(V>  (5) 

In  equation  (5),  if  Is  any##value  of  cycles  to  failure  between 
1000  and  5*000,000  while  xQ  Is  the  ordinate  value  corresponding 
to  the  selected  value  of  T/,  based  upon  a  relative  ordinate  of 
unity  at  1000  cycles  and  0*38  at  5*000,000  cycles. 

Although  Infinite  life  is  a  practical  objective,  the 
analysis  predicts  failure  after  5  x  10°  cycles  of  vibration 
at  a  relative  amplitude  of  0*38  in  Figure  9.  An  amplitude 
exaggeration  factor  will  now  be  determined  to  find  the  relative 
amplitude  necessary  to  cause  similar  failure  In  a  substantially 
fewer  number  of  cycles.  Assuming  several  representative 
values  for  N,  corresponding  values  of  Xq  are  calculated  from 
equation  (57  and  are  set  forth  in  the  second  column  of  Table  II, 

The  ratios  of  these  values  of  x^  to  the  value  0.38  which  applies 
to  N  =  5  x  10°  are  set  forth  in  column  three  of  Tablo  II.  These 
ratTos  are,  in  effect,  exaggeration  factors  by  which  the  test 
amplitude  must  be  Increased  to  cause  failure  In  N  number  of  cycles. 
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its  indicated  shore,  the  tests  being  considered  here 
contemplate  a  sweep  frequency  procedure  which  causes  the  number 
of  cycles  of  significant  stress  per  sweep  indicated  in  Figure 
13b  for  rwrlous  values  of  the  parameter  R.  To  attain  the  total 
number  of  cycles  set  forth  In  the  first  column  of  Table  11# 

It  Is  neoessary  to  employ  a  number  of  sweeps  equal  to  the  ratio 
3  divided  by  significant  cycles  from  Figure  13b.  This  ratio 
Tfar  a  value  of  R  *  1200)  is  then  multiplied  by  178  and  17.8 
seconds#  respectively#  to  obtain  the  times  sot  forth  in  columns 
U.  and  5  of  Table  II*  The  total  testing  time  is  the  sum  of  the 
times  set  forth  in  columns  4  and  5#  and  is  given  in  column  6* 

JL  laboratory  test  is  now  established  by  selecting  an 
appropriate  line  in  Table  II*  Various  considerations  must 
be  -kept  in  mind  in  making  this  selection.  It  is  desirable 
that  the  exaggeration  factor  be  maintained  as  small  as 
possible  because  the  response  amplitude  of  the  equipment  under 
test  may  be  affected  by  non-linearities  Introduced  by  the  high 
amplitude  testing.  On  the  other  hand#  it  is  desirable  to 
maintain  the  total  testing  time  small  for  experience  in  conducting 
tests.  The  best  compromise  between  these  opposing  considerations# 
from  the  alternatives  set  forth  in  Table  II#  appears  to  embody 
&  test  in  which  each  element  receives  4000 cycles  of  stress 
reversal  (If  *  4  *  10’)*  This  gives  a  testing  procedure  involving 
approximately  ij.  hours  of  vibration  testing  in  which  the  testing 
frequency  is  varied  continuously  between  5  and  50  cycles  per 
second  in  a  period  of  178  seconds#  and  between  5 0  and  500  cycles 
per  second  in  a  period  of  17.8  seconds.  This  involves  the 
number  of  sweeps  of  test  frequency  variation  between  5  and  500 
cycles  per  second  indicated  in  Figure  13o  for  various  values 
of  the  parameter  R*  This  Involves  an  exaggeration  factor  of 
approximately  2*37.  The  environmental  condition  embodying  a 
displacement  amplitude  of  0*030"  is  then  exaggerated  to  a 
displacement  amplitude  of  0*071"  for  laboratory  testing  in 
the  frequency  range  of  5  to  50  cycles  per  second.  In  a 
similar  manner#  the  environmental  condition  of  4  g  acceleration 
amplitude  is  exaggerated  to  an  acceleration  amplitude  of  9.5fi 
for  laboratory  testing  in  the  frequency  range  of  $0  to  500 
cycles  per  second* 
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FIOJSE  II.  RELATICM  BETWEEN  ACCELERATION  AMPLITUDE 
«o  ATS  RESPONSE  ACCELERATION  AMPLITUDE  V0  FOR 
COf.’DITlON  OF  CONTirJUOUULY  VARYIN3  TEOT  FREQUENCY. 
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Figure  12.  ratio  of  response  to  applied  acceleration 

AMPUTUDES  FOR  SYSTEM  V/TTH  Q  •  20  WHEN  TEST  FREQUENCY 


VARIES  CONTINUOUSLY. 
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RATE  OF  CHANGE  OF  TEST  FREQUENCY <W  CVC/9EC/SEC 


FICUSS  13a.  RATE  OF  CKT.K3E  OF  TEST  FRZCU2I3CY 
FC.l  STEADY- STATE  TEST  FOR  VARIOUS  VALUES  OF 
THE  PARAMETER  R. 
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ricuRS'  isb-  sweep  ir_:z  ep  cycles  or  significant  stress 

A8  A  FUNCTION  OF  THE  FURAMETER  "*• 


WAOC  TRS4-ET* 


40 


TOTAL  KUEOZR  OP  SWEEPS  IN  VIBRATION  TEST 


FIGURE  ISC.  TOTAL  irULTZR  OP  CIVCSPS  IN 
VIOnATICM  TEST  FC.l  VARIOUS  VALU23  OP 
PARAMETER  R  AHD  G  IC::i FtC ATJT  CYCLES. 


t/ADC  TR  54-  272 


41 


*****  . «  ».  . 

*  .  .  *,  4  T 


TABLE  II*  EVALUATION  01?'  TOTAL  VIBRATION  TEST  TIME  FOR  VARIOUS  EXAGGERATION  FACTORS 
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VIBRATION  TEST  SPECIFICATION 


The  preceding  analysis  presumes  failure  of  the  equipment 
as  a  result  of  repeated  stressing  of  structural  members.  The 
test  embodies  an  amplitude  greater  than  that  encountered  In 
the  environment  for  the  purpose  of  causing  structural  failure 
In  a  relatively  short  period  of  time*  Under  the  assumed 
conditions,  vibration  of  this  magnitude  never  occurs  in 
service*  Consequently,  it  should  not  be  required  that  the 
equipment  tmder  test  be  functionally  operative  during  this 
exaggerated  tost  condition*  The  preceding  endurance  test 
should  be  supplemented  by  a  scanning  teat  at  an  environment 
level  corresponding  to  that  actually  experienced  in  service, 
and  the  oqulpsaiit  should  be  functionally  operative  under  such 
conditional 

In  summary,  the  recommended  vibration  tests  are  as 
follows  t 

(i]  A  scanning  test  at  a  displacement  amplitude  of 
0*030”  peak-to-peak  throughout  a  frequency  range 
of  5  to  $0  cycles  per  second,  and  at  an 
acceleration  amplitude  of  I445  throughout  a 
frequency  range  of  $0  to  $00  cycles  per  second* 

This  test  is  intended  not  to  investigate  the 
structural  intogrity  of  the  equipment  but  only 
to  determine  that  it  operates  satisfactorily* 

Tliie  vibration  tost  is  considered  to  simulate 
the  oxpoctod  maximum  environment* 

(b)  Vibration  at  a  displacement  amplitude  of  0*070” 
peri-to-peak  throughout  a  frequency  range  of 
$  to  $0  cycloa  per  second  for  an  elapsed  time 
of  210  minutes.  This  is  a  sweep  frequency  test 
in  which  the  tQ3t  frequency  is  continuously 
varied  at  any  of  the  rates  sot  forth  in  Figure  13a* 
In  e.c.iitlon,  vibration  at  an  acceleration  amplitude 
of  9<>53  throughout  the  frequency  range  of  $ 0  to  500 
cycles  par  socond  for  an  elapsed  time  of  21  minutes* 
Tills  is  also  a  sweep  frequency  teat  with  any  of  the 
rates  of  change  of  test  frequency  set  forth  in 
Figure  13a*  This  is  a  tost  to  investigate 
structural  strength.  The  equipment  should  not  be 
required  to  function  during  the  test  but  should 
r*  :iin  undamaged  and  fully  operative  at  the 
conclusion  of  the  test* 
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Tha  data  defining  the  vibration  environment  in  air o raft 
make  but  few  diatinetiona  with  regard  to  direetlon  of  motion* 

The  directions  mu  at  be  assumed  to  be  completely  random*  with 
the  result  that  the  environment  defined  in  Figures  2  and  3  is 
considered  applicable  to  each  of  three  coordinate  axis 
independently •  In  many  equipments*  there  is  ooupling  between 
two  or  more  directions  of  motion.  In  other  words*  vibration 
that  is  applied  along  one  axis  may  oause  certain  structures  to 
vibrate  in  the  direction  of  one  or  more  other  axis.  For  this 
reason*  vibration  of  one  equipment  in  each  of  three  directions 
for  a  period  of  three  hours  each  may  subject  certain  structures 
to  more  than  four  hours  of  vibration.  It  is  recommended* 
therefore*  that  the  vibration  teat  sequenoe  apply  equally  to 
vibration  along  each  of  three  coordinate  axis  and  that 
separate  or  rebuilt  equipments  be  used  for  each  direction. 

As  described  in  complete  detail  on  the  preceding  pages* 
the  procedure  followed  in  arriving  at  a  laboratory  test 
Involving  steady-state  vibration  consists  of  three  dlsorete 
steps.  These  may  be  summarised  as  follows! 

(a)  The  limits  of  the  probable  maximum  severity  of 
the  environment  in  terms  of  steady-state  vibration 
must  be  defined. 

(b)  The  principles  governing  the  relation  between 
failure  after  a  relatively  long  period  of  mild 
vibration  and  failure  after  a  relatively  short 
period  '-if  severe  vibration  must  be  established. 

(j)  Using  tha  environment  established  in  (a)*  the 

principles  established  In  (b)  must  be  applied  by 
selecting  an  exaggerated  tost  condition  which  will 
causo  a  representative  typo  of  failure  within  a 
reasonable  testing  period. 

The  testing  routine  net  forth  above  for  conditions  of  steady- 
state  vibration  la  the  result  of  applying  this  procedure  to 
data  defining  the  environment  In  the  establishment  of  a 
laboratory  test.  The  validity  of  the  routine  is  dependent 
upon  tha  authenticity  of  the  data  which  dofines  the  environment. 
Further  comments  regarding  data  are  sot  forth  in  the  section 
of  this  report  entitled  "Conclusions".  Data  defining  vibration 
environments  make  few  distinctions  with  regard  to  slruiltonoous 
environments  of  humidity*  sand  and  dust*  extreme  temperatures 
or  other  environments.  In  general  these  latter  environmonts 
must  be  considered  as  additive  to  vibration  or  shook  environments 
and  should  be  tested  simultaneously. 
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CONCEPTS  OF  DAMAGE  AS  A  RESULT  OF  amArij 

■This  section  of  the  report  dlsousses  the  anaJy**8  _ 
records  of  acceleration  as  a  function  of  time  used  to  define 
conditions  of  shock  or  transient  vibration*  The**  record*, 
are  the  oscillograms  mentioned  earlier  in  the  report.  In 
analyzing  the  effect  of  vibration  upon  mechanical  systems, 
there  la  a  fundamental  distinction  between  procedures  for 
considering  transient  and  steady-state  vibration.  In 
steady-state  vibration,  it  is  assumed  that  all  transient 
effects  occur  at  the  natural  frequency  of  the  system  and  are 
ultimately  damped  out*  The  motion  of  the  system  then  takes 
place  entirely  at  the  frequency  of  the  disturbing  vibration. 
This  frequency  is  referred  to  as  the  forcing  frequency. 


In  shock  or  transient  vibration,  the  equipment  which  ia 
subjected  to  the  vibration  is  caused  to  vibrate  in  a  mode 
that  includes  both  forced  and  natural  frequencies.  In  the 
foregoing  analysis  of  an  equipment  subjected  to  steady-state 
vibration,  it  was  assumed  that  damage  results  primarily 
from  a  resonant  condition  at  the  forcing  frequency.  In  a 
sense,  the  same  consideration  applies  to  transient  vibration 
except  that  the  forcing  frequency  is  not  as  well  defined 
as  In  steady-statre  vibration.  Consequently,  there  are  no 
established  standards  of  frequency  to  use  in  setting  up  a 
laboratory  test.  An  entirely  different  approach  ia  thus 
needed  In  adopting  a  criterion  of  damage. 


As  pointed  out  previously  in  connection  with  steady- 
state  vibration,  a  primary  cause  of  certain  types  of  failure 
is  excessive  stress  in  structural  members.  This  stress  tends 
to  be  proportional  to  the  acceleration  experienced  by  such 
members.  From  a  hypothetical  standpoint,  it  is  possible  to 
predict  the  stresses  in  the  structural  members  by  attaching 
an  accelerometer  to  each  element  of  the  equipment  being 
tested  and  multiplying  the  measured  acceleration  by  the  mass 
to  obtain  the  force  acting  upon  the  member.  If  the  strength 
of  each  such  element  were  known,  it  would  then  be  possible 
to  predict  from  the  acceleration  measurements  whether  the 
elements  were  close  to  failure  as  a  result  of  the  test. 
Although  such  a  procedure  is  possible  in  a  hypothetical 
sense,  it  Is  not  practically  feasible  because  the  vulnerable 
elements  tend  to  be  small  and  inaccessible  whereas  applicable 
accelerometers  tend  to  be  relatively  large. 


Even  though  this  suggested  procedure  is  impractical, 
the  theory  suggests  an  approach  to  evaluating  the  severity 
of  shock  or  transient  vibration  in  terms  of  possible  damage 
to  an  equipment.  Assume  now  that  each  equipment  is  comprised 
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of  many  structural  elements  having  characteristic  natural 
frequencies  assumed  to  fall  within  a  certain  frequency  range* 

A  single  equipment  cannot  Include  elements  of  all  natural 
frequencies*  If  many  equipments  are  taken  as  a  group, 
however,  it  is  probable  that  at  least  one  element  of  wools 
discrete  natural  frequency  within  the  accepted  frequency 
range  will  be  found  in  one  of  the  equipments  in  the  group* 

To  a  first  approximation,  the  maximum  acceleration 
experienced  by  a  structural  element  of  an  equipment  is  a 
function  of  only  the  natural  frequency  of  the  element* 
Consequently,  a  simulated  equipment  may  be  constructed  in 
any  convenient  form,  such  as  the  base  equipped  with  canti¬ 
lever  beams  illustrated  in  Figure  14*  Each  of  the  canti¬ 
lever  beams  of  this  simulated  equipment  has  a  different 
natural  frequency,  and  the  range  of  natural  frequencies  to 
be  studied  may  be  changed  at  will  by  varying  the  lengths  of 
the  cantilever  beams*  If  it  is  desired  to  determine  the 
required  strength  of  the  elements  of  an  equipment  which  muat 
withstand  a  certain  shock,  the  simulated  equipment  Illustrated 
in  Figure  14  may  be  subjected  to  the  shock  and  the  maximum 
deflection  of  each  beam  noted*  The  maximum  acceleration  of 
each  beam  is  then  calculated  from  the  recorded  maximum 
deflection*  The  values  of  maximum  acceleration  determined 
in  this  manner  are  used  in  conjunction  with  the  masses  of 
elements  of  the  actual  equipment  having  corresponding 
natural  frequencies  as  the  cantilever  beams  to  determine  tha 
dynamic  forces  acting  on  each  element  as  a  result  of  the 
shook.  Theoretically,  this  simulated  equipment  may  be 
subjected  to  all  possible  occurrences  of  shock  or  transient 
vibration  and  the  maximum  acceleration  of  each  cantilever 
beam  noted*  ftith  this  information  for  each  natural  frequency, 
the  designer  may  design  the  actual  equipment  so  that  each 
element  has  at  least  the  strength  indicated  by  the  maximum 
acceleration  of  the  cantilever  boom  having  the  same  natural 
frequency* 

The  use  of  a  mechanical  Instrument  to  obtain  the 
information  outlined  in  the  above  paragraph  tends  to  be 
cumbersome.  Equivalent  results  can  bo  obtained  by  electrical 
analogy*  Electrical  circuits  can  be  assembled  in  such  a  way 
that  they  respond  to  an  input  voltage  in  the  same  manner  aa 
a  mechanical  structure  responds  to  an  applied  shock  or 
transient  vibration.  The  details  of  a  suitable  analog 
computer,  together  with  a  specially  constructed  function 
generator,  are  described  in  Appendix  II.  V/ith  this  analog 
computer,  the  natural  frequencies  and  damping  coefficients  of 
the  systems  under  Investigation  can  be  varied  readily  by 
adjusting  the  constants  of  the  electrical  circuits.  It  is 
thon  possible  to  obtain  electrical  responses  which,  by 
analogy,  can  be  converted  to  values  of  maximum  acceleration 
experienced  by  mechanical  structures  having  known  character¬ 
istics.  Each  shock  or  transient  vibration  is  then  defined 
In  terms  of  maximum  response  acceleration.  This  may  be 
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expressed  as  a  curve  showing  maximum  response  acceleration  as 
a  function  of  natural  frequency  of  element  for  a  single  shook 
motion;  for  a  group  of  shock  motions,  an  envelope  may  be 
drawn  to  encompass  the  curves  for  the  individual  shock  motions* 

This  conoept  of  severity,  together  with  the  method  of 
expressing  equivalents  of  shock  motions,  is  soundly  endorsed 
in  the  technical  literature.  References  25,  33,  and  99  in 
the  Bibliography,  Appendix  III,  are  significant  with  respect 
to  this  concept.  This  approach  is  satisfactory  where  the 
response  embodies  a  relatively  high  value  of  acceleration 
for  a  single  ovole  and  where  the  remainder  of  the  response 
embodies  relatively  small  values  of  acceleration.  Uhaer 
these  conditions,  only  the  maximum  acceleration  tends  to 
be  significant.  The  present  analysis,  however,  is  concerned 
with  shock  and  transient  vibration  occurring  in  aircraft 
as  a  result  of  landing,  gun  fire,  air  buffeting  and  other 
disturbances  having  many  repetitions.  As  a  consequence,  it 
may  not  be  possible  to  express  the  results  in  terms  of  a 
single  cycle  or  a  few  cycles  of  stress  reversal. 

As  an  example  of  the  different  types  of  responses  that 
may  be  obtained,  a  record  of  acceleration  as  a  function  of 
time  resulting  from  the  landing  of  a  type  AT-11  airplane 
and  several  typical  responses  thereto  are  shown  in  Figure  15. 
The  acceleration  as  measured  on  the  airplane  is  the  lower 
trace  in  each  of  the  four  oscillograms,  the  differences  in 
calibration  factors  accounting  for  the  difleront  appearances* 
This  trace,  suitably  expressed  in  terms  of  voltage  as  a 
function  of  time  was  fed  into  the  analog  computer,  and  the 
responses  of  several  systems  of  different  natural  frequencies 
were  obtained.  These  responses  are  reproduced  as  the  upper 
traces  of  the  several  oscillograms  in  Figure  15. 

The  response  set  forth  in  Figure  15  (A)  for  a  system 
having  a  natural  frequency  of  10  cycles  per  second.  This 
low  frequency  system  falls  to  respond  to  the  high  frequency 
components  in  the  input,  and  the  response  is  an  irregular 
rocord  having  predominantly  low  frequency  components.  At 
the  other  extreme  of  the  frequency  spectrum,  the  responses 
of  systems  having  natural  frequencies  of  110  and  200  cycles 
per  second  are  shown  in  Figures  15  (C)  and  15  (D),  respec¬ 
tively.  The  general  shapes  of  these  responses  are  similar 
to  the  shape  of  the  input  but  have  superimposed  thereon 
transient  vibration  at  tho  natural  frequencies  of  110  and 
200  cycles  per  second.  The  enplitude  of  this  superimposed 
vibration  ia  relatively  email.  In  Figure  15  (B),  the  upper 
trace  ia  the  response  of  a  system  having  a  natural  froquenoy 
of  33  oycles  per  second. 

In  the  response  of  Figuro  15  (B),  the  shape  of  the 
input  is  almost  obscured,  and  the  predominant  characteristic 
of  the  response  is  a  transient  vibration  having  a  natural 
frequency  of  33  oycles  per  eocond  and  a  relatively  great 
amplitude.  This  frequenoy  la  tho  natural  frequency  of  the 
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system  and  represents  a  sort  of  resonance*  This  resonanoe 
occurs  because  the  input  vibration  has  a  prominent  component 
at  a  frequency  of  approximately  33  oyeles  per  second,  even 
though  this  component  of  the  input  la  not  steady-state  1m 
nature.  The  response  of  the  system  whose  natural  frequency 
is  33  oyeles  per  seoond  illustrates  the  type  of  response  in 
whioh  many  oyeles  of  acceleration  of  appreciable  amplitude 
may  be  more  significant  than  the  acceleration  of  maximum 
amplitude.  In  general,  the  acceleration  measured  on  aircraft 
will  be  found  to  be  Irregular  with  certain  predosdnent 
frequencies.  The  responses  of  systems  covering  a  range  of 
frequencies  will  be  similar  generally  to  the  several  responses 
illustrated  in  Figure  IS* 

It  is  necessary  in  describing  the  characteristics  of  an 
elastic  ays  tom  to  define  not  only  the  natural  frequency  but 
also  the  damping.  The  response  of  an  elastic  system  to 
steady-state  or  transient  vibration  is  greatly  Influenced  by 
the  damping  of  the  system.  In  the  preceding  analysis  of 
steady-state  conditions,  the  environment  is  defined  in  terms 
of  measured  parameters  and  is  not  a  function  of  the  properties 
of  systems  subjected  to  the  environment*  In  the  analysis  of 
transient  conditions,  the  environment  is  defined  in  terms  of 
the  response  of  elastic  systems  to  the  measured  parameters* 

The  environment  oan  be  defined  completely  only  by  setting 
forth  the  responses  of  elastic  systems  having  natural 
frequencies  and  degrees  of  damping  encompassing  the  range 
expected  to  be  encountered  in  equipments* 

In  classioal  mechanics,  damping  is  defined  as  a 
percentage  of  the  damping  Jn  a  critically  damped  system*  If 
the  damping  is  small,  the  transmlasibllity  at  resonance  is 
numerically  equal  to  one-half  of  the  reciprocal  of  the 
damping  ratio.  This  conoept  has  come  into  common  use,  and 
the  symbol  £  is  applied  to  the  maximum  transmlsaibility  at 
resonance  during  stoady-state  vibration*  In  the  analysis 
of  transient  conditions  discussed  here,  systems  having  values 
for  Q  of  10,  20,  and  50  are  considered.  The  selection  of  an 
appropriate  value  for  £  Is  difficult*  The  damping  in 
structural  lasmbers  tends  to  increase  with  an  increase  in 
strain.  If  the  vibration  amplitude  is  small,  it  may  be 
expected  that  large  values  of  £  will  be  encountered,  and  the 
maximum  value  of  50  used  here  may  seem  too  low*  For  the 
relatively  large  deflections  embodied  in  the  transient 
conditions  being  studied  here,  however,  strains  tend  to  he 
large,  and  it  is  believed  that  a  range  of  10  to  50  for  the 
parameter  is  representative  of  these  conditions* 
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Courtesy  of  The  David  Taylor  Hodol  Basin, 
USH  Photo  Ho.  n?21-L838U. 


Figure  14 .  Simulated  equipment,  consisting  of  base  and 
several  cantilever  beam  systesa  of  different  natural 
frequencies. 
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(A)  fn  »  10  cps.,  Q  ■  $0  (B)  rn  “  33  cps.,  Q  =  50 


«°)  fn  °  110  cps,»  ^  =  50  (D)  f  =  200  cps,  Q  =  50 


Figure  15*  Response  acceleration  as  a  function  of  time  for 
systems  having  natural  frequencies  of  10,  33,  no.  and  200  et>s 
wnen  subjected  to  landing  shock  measured  on  £ype  At-11  airplane, 
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CUMULATIVE  DAMAGE  U  FATIGUE 


In  the  establishment  of  laboratory  testa  to  simulate  the 
environmental  conditions  encountered  in  the  operation  of 
aircraft*  cognizance  must  ha  taken  of  the  fact  that  aa  air¬ 
craft  experiences  many  landings  in  its  lifetime.  As  indicated 
in  Figure  15*  elastic  structures  carried  in  such  aircraft 
experience  several  stress  reversals  per  landing.  It  may  be 
deduoed  intuitively  that  the  cumulative  effect  of  these 
several  cycles  of  stress  reversal  may  be  of  great  importance 
if  the  stress  magnitude  at  each  cycle  is  approximately  the 
same.  On  the  other  hand*  if  the  response  exhibits  one  cycle 
of  stress  of  relatively  great  magnitude*  the  cumulative 
effect  of  other  oyeles  may  be  negligible  if  the  magnitudes 
of  these  other  cycles  are  substantially  less  than  the 
magnitude  of  the  maximum  stress.  It  cannot  be  determined 
by  an  inspection  of  the  response  patterns  whether  the 
cumulative  effect  of  the  cycles  of  lover  stress  is  important. 
Consequently*  the  two  types  of  analysis  have  been  carried 
out  concurrently*  and  the  results  thereof  compared.  The 
first  part  of  the  analysis  is  devoted  to  a  consideration  of 
the  cumulative  effect  of  cycles  of  stress  having  a  magnitude 
somewhat  less  than  the  maximum.  This  is  then  compared  with 
the  corresponding  results  obtained  by  considering  only  the 
maximum  stress  encountered  during  &  single  landing. 

The  technical  literature  includes  numerous  papers 
setting  forth  the  fatigue  or  endurance  properties  of  materials. 
The  tests  generally  are  conducted  under  such  circumstances 
that  the  maximum  stress  is  constant  at  each  cycle  of  stress 
reversal.  The  responses  illustrated  in  Figure  15  do  not 
meet  these  requirements  for  two  principal  reasons  as  follows: 

(a)  A  different  maximum  stress  is  encountered  at  each 
succeeding  cycle  of  stress  reversal.  An  analysis 
of  endurance  strength  under  conditions  involving 
a  stress  pattern  having  something  in  common  with 
this  was  carried  out  initially  by  M.  A.  Miner  who 
reported  the  results  of  hlB  analysis  in  reference 
26.  The  problem  considered  by  Miner  Involved  the 
application  of  many  cycles  of  stress  having  the 
some  maximum  value  at  each  cycle*  followed  by  many 
cycles  at  a  different  maximum  stress*  etc.  Although 
the  hypothesis  formulated  by  Miner  does  not  con¬ 
template  tha  present  situation  in  which  the  maximum 
stress  is  different  at  each  succeeding  cycle  of 
stress  reversal*  it  appears  quite  general.  The 
assumption  is  made  here  that  the  hypothesis  may  be 
extended  to  the  type  of  stress  pattern  found  here* 
even  though  the  paper  by  Miner  does  not  establish 
the  validity  of  this  assumption. 

(b)  In  the  oscillograms  set  forth  in  Figure  15*  the 
mean  value  of  response  acceleration  is  generally 
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different  then  sen.  In  the  conventional  type  ef 
teat  for  endurance  strength,  a  tensile  stress  Is 
followed  one  half  oyole  later  by  a  compressive 
stress  of  equal  magnitude.  There  is  considerable 
information  in  the  technical  literature  on  fatigue 
tests  in  which  the  value  of  one  of  these  stresses 
exceeds  the  other,  thereby  introducing  a  mean  stress 
not  equal  to  zero.  It  is  possible  to  make  a 
correction  to  a  condition  of  sero  mean  stress,  a 
correction  which  has  become  known  as  the  Goodman 
correction.  The  validity  of  the  Goodman  correction 
has  been  established  only  for  conditions  of  a 
regular  stress  pattern,  and  haB  not  been  demon¬ 
strated  to  apply  to  the  type  of  stress  pattern 
Investigated  by  Miner.  It  is  possible,  however, 
by  making  several  assumptions  to  apply  the  Goodman 
correction  to  an  hypothesis  of  the  transient 
problem  based  upon  the  approach  proposed  by  Miner. 

A  few  sample  calculations  revealed  that  the  results 
are  not  modified  appreciably  by  introducing  the 
Goodman  correction  for  mean  stress.  Consequently, 
all  of  the  ensuing  calculations  are  based  upon  the 
assumption  that  only  the  maximum  stress  is  signi¬ 
ficant,  and  that  the  problem  should  be  handled  as 
if  the  mean  stress  were  zero. 


Reference  is  now  made  to  the  conventional  fatigue  or 
endurance  curve  initially  illustrated  in  Figure  6  and 
essentially  reproduced  in  Figure  16  to  serve  as  a  basis  for 
discussion  of  Miner's  hypothesis.  This  ourve  shows  a  typical 
relation  between  maximum  stress  S  and  number  of  cycles  N  to 
failure,  when  the  test  is  conducted  under  such  conditions 
that  the  maximum  stress  at  each  cycle  is  constant.  The 
hypothesis  formulated  by  Miner  is  concerned  with  the  degree 
of  damage  caused  when  a  specimen  is  subjected  to  cycles 
of  stress  reversal  at  a  maximum  stress  Si,  ng  cycles  of 
stress  reversal  at  a  maximum  stress  S g,  and  nig  cycles  of 
stress  reversal  at  a  maximum  stress  §3.  Referring  to 
Figure  16,  Miner's  hypothesis  states  that  failure  of  the 
specimen  should  not  occur  by  fatigue  if 


ei  as  nn 


<1 


On  the  other  hand,  if 


>1 


failure  of  the  specimen  may  be  expected  to  occur. 


(8) 


(9) 
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HUrreZR  OF  CYCLES  TO  FAILURE  (N) 


FIGURE  13.  TYPICAL  STRESS  "CYCLE  DIAGRAM  SHOWING 
RELATION  OF  FASSAL'ETERS  Cl  HYPOTHECS  OF  CUMULATIVE 
DAMAGE  III  FATIGUE  F0RC7JLATED  OY  U.A.  KilNER 
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CONCEPT  OF  RESPONSE  SURFACE  TO  EVALUATE  SHOCK 

Adopting  the  analogy  between  stress  and  acceleration 
(see  page  16),  the  hypothesis  is  presented  that  the  ability  -  '-t*-* 
of  elastic  members  to  withstand  transient  vibration  may  be 
determined  by  counting  the  number  of  cycles  at  each  acceler¬ 
ation  level  embodied  in  the  response  and  applying  the  theory 
formulated  by  Miner.  It  is  convenient  now  to  adopt  a  procedure 
for  describing  the  response  acceleration  of  many  elements 
having  different  natural  frequencies,  the  excitation  or  input 
being  a  single  record  setting  forth  acceleration  as  a  function 
of  time.  The  three  parameters  which  define  the  response  are 
the  natural  frequency  f_  of  the  element,  the  acceleration 
amplitude  ^  embodied  Tn  the  response,  and  the  number  of 
cycles  n  at  each  response  acceleration  amplitude.  These 
three  parameters  may  be  combined  to  define  the  response 
surface  illustrated  in  Figure  17.  This  surface  describes 
the  response  of  many  systems  of  different  natural  frequencies 
to  a  single  input  acceleration  and  should  not  be  confused 
with  the  failure  surface  for  steady  vibration  set  forth  in 
Figure  8. 

To  illustrate  the  nature  of  the  surface  shown  in 
Figure  17,  a  number  of  planes  are  indicated  for  various 
elements  having  discrete  natural  frequencies  f^,',  f^"  and 
fjj *  *  * .  To  determine  whether  failure  of  one  of  these  elements 
Is  likely  to  occur,  the  plane  as  represented  by  the  applicable 
crosshatched  area  is  compared  with  the  endurance  curve  set 
forth  in  Figure  16.  This  requires  that  the  relation  between 
S  and  ^  bo  established,  as  pointed  out  previously.  Appli¬ 
cations  of  Miner  'a  hypothesis  to  this  comparison,  in  a  manner 
to  bo  hereinafter  described,  will  predict  the  expocted  life 
of  each  element  whose  natural  frequency  is  known  and  for 
which  there  is  a  response  surface  as  illustrated  in  Figure  17. 

An  equipment  may  be  considered  to  consist  of  an  assembly 
of  component  structures,  each  with  its  own  characteristics, 
and  to  be  defined  if  the  characteristics  of  the  component 
structures  are  defined.  For  purposes  of  idealizing  the 
equipment,  each  structure  may  be  assumed  to  be  a  uingle- 
degree-of -freedom  system  with  linear  elasticity  and  damping. 

Each  system  may  then  bo  defined  in  terms  of  its  natural 
frequency  and  its  damping  capacity.  The  natural  frequency 
is  commonly  expressed  in  oyclos  per  second,  and  the  damping 
capacity  may  be  expressed  in  terms  of  a  dimensionless  damping 
parameter  ^  uhich  indicates  the  maximum  transmissibility  at 
resonance  during  a  condition  of  steady-state  vibration. 

The  three  dimensional  response  surface  shown  in  Flguro 
17  Is  better  adapted  to  qualitative  than  quantitative 
presentation,  numerical  data  can  bo  recorded  more  conveniently 
in  two  dimensional  plots  of  response  acceleration  amplitude 
as  a  function  of  number  of  occurrences,  one  plot  being  drawn 
for  each  discrete  value  of  natural  frequency  ^  and  damping 
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parameter  g.  To  facilitate  the  counting  of  occurrence*. 

It  Is  convenient  to  establish  discrete  Increments  of  response 
acceleration  amplitude  preferably  Integral  or  integral 
fractional  values  of  the  acceleration  due  to  gravity.  The 
results  may  then  be  presented  numerically  in  block  diagram 
form,  as  illustrated  in  Figure  18  for  one  particular  value 
of  natural  frequency  and  damping  parameter.  Several  block 
diagrams  for  different  natural  frequencies  but  one  damping 
parameter  combine  to  form  the  response  surface  shown  in 
Figure  17.  Where  different  values  of  the  damping  parameter 
g  are  Involved,  ■»  discrete  response  surface  exists  for  each 
value  of  g. 

A  number  of  oscillograms  showing  the  time  history  of 
acceleration  as  measured  on  aircraft  during  landing  and 
other  shock  conditions  have  been  made  available  to  Contractor. 
Several  of  these  oscillograms  have  been  selected  for  analysis. 
The  criteria  used  in  selecting  the  oscillograms  were  (1) 
that  they  embody  apparently  the  most  severe  conditions  among 
the  oscillograms  available  and  (2)  that  the  characteristics 
of  the  selected  oscillograms  be  as  diverse  as  possible  so 
that  the  group  selected  would  represent  all  possible 
varieties  of  shock  motions.  Ihe  selected  oscillograms  are 
reproduced  as  insets  to  the  various  Figures  in  Appendix  I. 

The  analysis  made  on  these  selected  oscillograms 
includes  the  determination  by  electrical  analogy  of  the 
response  acceleration  of  simple  systems  having  a  range  of 
natural  frequencies  and  damping  parameters.  The  results 
obtained  are  of  the  type  set  forth  in  Figure  15,  wherein  the 
time  history  of  the  response  acceleration  of  each  system  is 
recorded.  Hie  response  accelerations  are  recorded  ^on  block 
diagrams  on  which  response  acceleration  amplitude  Jq  is 
plotted  as  a  function  of  number  of  occurrences,  as  shown  in 
Figure  18  for  a  typical  case.  The  parameter  b  in  Figure  18 
may  be  an  integer  or  a  fraction.  Appendix  I  to  this  report 
Includes  data  on  the  oscillograms  selected,  together  with 
block  diagrams  showing  response  acceleration  amplitude  as 
a  function  of  a  number  of  occurrences  for  each  oscillogram. 

A  block  diagram  is  included  for  each  value  of  natural 
frequency  fjj  and  damping  parameter 

In  equations  (8)  and  (9)  representing  the  Miner  theory 
of  cumulative  fatigue  damage,  N  is  the  number  of  cycles  to 
failure  obtained  from  the  conventional  stress^cycle  curve. 

For  stresses  below  the  endurance  limit  of  the  material,  N 
is  equal  to  Infinity,  and  the  corresponding  term  drops  out 
of  the  equation.  The  typical  stress-cycle  curve  can  be 
idealized  as  shown  in  Figure  19  by  introducing  the  following 
considerations  mentioned  previously: 

(a)  The  stress-cycle  curve  is  Idealized  as  a  horizontal 
line  for  values  of  N  less  than  103  and  greater  than 
5  x  10  ,  and  a  straTght  Inclined  line  between  these 
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values  of  If*  The  ordinate  at  W  •  5  x  IO®  le  38 
percent  of""the  ordinate  at  K  ■  10®*  Hie  basis  fo;r 
this  Idealization  la  explained  on  page  26  in 
connection  with  Figure  9. 

(b)  By  analogy  oe tween  stress  in  the  structure  and 
response  acceleration,  as  discussed  on  page  55* 
the  dimensions  of  the  ordinate  may  be  changed  to 
response  acceleration  amplitude*  The  numerical 
relation  between  maximum  stress  and  response 
acceleration  amplitude  remains  undetenained  at 
this  time  to  be  established  later* 

This  report  develops  the  thesis  that  a  shook  is  defined, 
not  by  parameters  which  are  determined  by  measuring  the 
environment,  but  rather  by  the  responses  of  ideal  *ys terns  to 
the  shock  motion  defined  by  these  measured  parameters.  Under 
this  thesis,  each  shock  is  defined  by  a  series  of  response 
surfaces  of  the  type  illustrated  in  Figure  17,  there  being 
one  surface  for  each  value  of  the  damping  parameter  <J*  If 
several  shock  motions  are  being  compared,  the  general  level 
of  the  several  surfaces,  the  value  of  Q  being  maintained 
constant,  indicates  the  relative  severity  of  the  respective 
shock  motions*  A  pea1:  in  a  response  surface  at  a  particular 
value  of  natural  frequency  fj)  generally  indicates  that  the 
shock  motion  includes  a  pronounced  vibration  at  a  frequency 
corresponding  to  the  peak  in  the  response  surface*  Inasmuch 
as  different  shook  motions  generally  embody  different 
frequencies,  the  response  surfaces  for  these  shock  motions 
tend  to  intersect  because  the  peak3  occur  at  different 
frequencies.  In  other  words,  the  peaks  of  one  response 
surface  may  be  aligned  vertically  with  the  valleys  of 
another  response  surface*  An  envelope  of  the  most  severe 
conditions  representative  of  all  shock  motions  being  con¬ 
sidered  is  a  resultant  response  surface  drawn  through  the 
peaks  of  the  individual  response  surfaces,  all  such  surfaces 
being  for  the  same  value  of  damping  parameter  ft.  A  resultant 
response  surface  is  thus  obtained  for  each  discrete  value 
of  damping  parameter  £• 

One  of  the  primary  problems  in  the  establishment  of  a 
laboratory  teat  to  simulate  transient  environmental  conditions 
is  the  selection  of  the  most  severe  environment  for  use  as 
a  basis  of  simulation*  As  shown  by  the  block  diagrams  in 
Appendix  I,  certain  of  the  shock  motions  excite  the  greatest 
response  at  one  frequency,  while  others  of  the  shock  motions 
excite  the  greatest  response  at  a  different  frequency*  An 
effective  laboratory  test  must  take  cognizance  of  the  most 
severe  conditions  in  general,  as  defined  by  the  resultant 
response  surface  for  the  series  of  operating  conditions  under 
consideration.  This  surface  may  be  represented  in  block 
diagram  form,  as  shown  in  Figure  20  for  all  of  the  shock 
motions  included  In  Appendix  I.  The  data  In  Figure  20  were 
obtained  by  first  obtaining  block  diagrams  similar  to 
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Figure  18  Tor  each  value  of  natural  frequency  and  doping 
parameter  for  each  of  the  shock  motions  being  considered. 

These  block  diagiams  comprise  Appendix  I*  The  resultant 
block  diagrams  in  Figure  20  are  plotted  by  taking  the  largest  - 
number  of  occurrences  from  Appendix  I  for  the  respective 
values  of  natural  frequency  and  damping  parameter*  The 
blocks  were  omitted  for  small  values  of  fp  because  they  do 
not  contribute  to  damage  as  a  result  of  fatigue* 
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FIGUFZ  20-  tlESULTAflT  BLOCK  DIAGRAMS  FOR  SIX  LANDINGS  SHOCKS 
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REQUIREMENTS  FOR  A  LABORATORY  SHOCK  TEST 


The  problem  of  devising  a  laboratory  shock  test  to 
simulate  the  most  severe  landing  conditions,  as  defined  by 
the  resultant  block  diagrams  in  Figure  20,  may  now  be 
approached.  The  block  diagrams  in  Figure  20  represent  the 
number  of  occurrences  of  response  acceleration  amplitude 
in  one  landing.  An  equivalent  shock  test  would  have  a 
similar  block  diagram  provided  it  were  desirable  to  make 
XhB  number  of  application*  of  abode  la  ttx&  laboratory  test 
equal  the  number  of  landings  experienced  by  the  airplane 
during  its  life.  In  general,  this  is  not  a  practical 
requirement  inasmuch  as  the  laboratory  test  should  embody 
fewer  applications  of  shock.  Re-examining  the  Miner 
hypothesis  for  cumulative  damage  in  fatigue  and  assuming 
that  Figure  20  represent*  a  single  landing,  equations  loj 
end  (9)  which  refer  to  emulative  damage  In  fatigue  may  be 
written  as  follows  to  define  conditions  of  failures 


•)»l 


(10) 


where  D  represents  the  number  of  landings  in  the  life  of  the 
aircraft  and  n  represents  the  number  of  occurroncea  per 
landing  of  each,  response  acceleration  amplitude,,  as  indicated 
In  Figure  20.  Equation  (10)  is  evaluated  for  each  discrete 
value  of  natural  frequency  and  damping  ratio.  Applying  a 
similar  analysis  to  block  diagrams  which  can  be  obtained 
from  laboratory  rocords,  the  same  structure  may  be  considered 
to  experience  failure  during  the  shock  test  when 


(11) 


where  D*  represents  the  number  of  repetitions  of  the  laboratory 
shcok  Test  and  values  of  n*  are  obtained  from  block  diagrams 
similar  to  Figure  20.  These  block  diagrams  are  obtained  by 
analyzing  an  oscillogram  of  acceleration  as  a  function  of 
time  as  m3asured  on  the  shock  testing  machine,  using  the 
analog  computer  to  determine  the  response  acceleration 
amplitudes  of  simple  systems  as  previously  described. 


To  determine  the  relation  between  the  resultant  response 
surface  for  the  landing  shocks  and  the  response  surface  for 
the  laboratory  shock,  it  is  necessary  to  establish  the  relation 
between  the  values  of  N  in  equation  (10)  and  the  corresponding 
response  acceleration  amplitude.  This  was  left  undetermined 
when  numerical  values  on  the  scale  of  response  acceleration 
amplitude  in  Figure  19  were  omitted.  The  required  relation 
Is  now  determined  by  evaluating  equation  (10)  by  a  cut-and-try 
procedure  to  obtain  a  numerical  value  for  ( fp )  max  in  Figure  19* 
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To  evaluate  equation  (10),  It  Is  necessary  that 
numerical  values  be  available  for  parameters  0,  n  and  II* 
Values  o t  n  and  J0  are  known  from  the  resultant  Flock  cflagr&as 
of  Figure  1*0 •  The  values  of  H  cannot  be  determined  unless 
numerical  values  are  asslgnecfto  the  ordinate  scale;  l,e*, 
unless  (Vq)  max  Is  known  quantitatively,  Numerical  values 
are  f  iratas  aimed  for  D  and  for  (J0)  max,  thus  making  it 
possible  to  determine  ]l  from  Figure  19*  Using  this  value- 
of  V  and  the  assumed  value  for  D,  the  left  hand  side  of 
equation  (10)  is  evaluated  numerically*  If  the  result  is 
less  than  unity,  a  lower  value  is  assumed  for  (£0)  max 
and  the  calculation  repeated*  If  result  is  greater 
than  unity,  a  higher  value  is  assumed  for  (VQ)  max*  This 
process  is  continued  until  the  left  hand  side  of  equation  (10) 
la  made  equal  to  unity* 


The  value  assumed  for  the  parameter  D  depends  upon 
operating  conditions*  This  parameter  represents,  for  example, 
the  number  of  landings  that  an  aircraft  experiences  during 
its  life*  To  investigate  the  effect  that  the  value  of  D  has 
upon  the  result,  numerical  values  of  10,000  and  30,000 
respectively,  were  assumed  for  D.  Equation  (10)  was  then 
evaluated  for  each  of  these  assumed  values  for  D,  and  values 
of  (J^,)  max  as  a  function  of  frequency  were  calculated  as 
shown  In  Figure  21.  This  result  is  obtained  from  the 
resultant  block  diagram  of  Figure  20  for  a  value  of  Q  **  20* 
is  evident  from  Figure  21  that  the  resulting  value  of 
»Zo)  max  is  substantially  independent  of  the  value  assumed 
for  the  parameter  D  within  a  reasonable  range*  In  view  of 
this  result,  all  subsequent  calculations  of  this  type  assume 
a  value  D  «=  30,000  for  the  purpose  of  evaluating  equation  (10). 


The  curve  of  maximum  response  acceleration  amplitude 
(Xq)  max  as  a  function  of  frequency,  shoun  in  Figure  21,  Is 
the  Intersection  of  any  plane  at  *  10^  with  the  minimum 
acceptable  response  surface  for  the  shock  being  analyzed. 

By  definition,  n^  «  Dn*  The  complete  surface  is  shown  In 
Figure  22*  In  creating  this  minimum  acceptable  response 
surface,  it  le  assumed  that  the  intersection  of  the  surface 
with  any  plane  parallel  to  the  -  f  plane  has  a  shape 

9  21  but 


geometrically  similar  to  Figure* 

_ in ■  m  tm  •  <  .  .  v  _ 


wherein  the  ordinates 


are  a  function  of  the  particular  value  of  n.  On  the  other 
hand,  the  Intersection  of  the  minimum  acceptable  response 
surface  with  any  plane  parallel  to  the  yQ  -  n*  plane  consists 
of  a  straight,  inclined  line  extending  from  n£  *  103  to 

5  x  10°  and  horizontally  oxtending  lines  for  smaller  or 
jer  values  of  n* 


The  minimum  accoptable  response  surface  illustrated  in 
Figure  22  la  very  important  in  the  consideration  of  transient 
vibration  or  shook  being  developed  here.  Shis  surface  may  be 
designated  aa  a  surface  of  required  strength  for  general 
aircrMt  use.  If  an  equipment  c^inot  withstand  the  indicated 
response  acceleration  amplitude  2o  the  number  of  cycles  ^ 
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set  forth  In  Figure  22,  It  must  be  considered  unsuitable 
service.  This  condition  must  be  met  for  any  arbitrarily  cnosen 
value  of  nt,  and  therefore  may  be  used  as  a  criterion  to 
establish~*the  validity  of  a  laboratory  test.  A.  value  or  nt 
applicable  to  laboratory  testing  may  be  defined  as  nfc  *  g * 

In  this  definition,  D*  is  the  number  of  repetitions  or  the 
laboratory  test,  and  n  is  obtained  from  a  series  of  block 
diagrams  similar  to  Figure  20  but  representing  an  analysis 
of  an  oscillogram  obtained  from  the  shock  testing  machine* 

By  assuming  a  value  of  number  of  test  repetitions  D*,  a  response 
surface  nV  -  -  In  “aJT  ba  superimposed  upon  the  response 

surface  shown  In  Figure  22.  This  response  surface  for  laboratory 
tests  will  generally  involve  relatively  small  values  for  rf^,  and 
must  lie  above  the  surface  for  the  environment  shown  in  Figure  2  2* 


In  the  preceding  discussion,  the  maximum  environment  was 
obtained  by  inspecting  the  individual  block  diagrams  and 
creating  the  resultant  block  diagrams  of  Figure  20*  These 
resultant  block  diagrams  represent  the  most  severe  environment, 
regardless  of  t)ie  source  of  shock,  and  were  used  to  determine 
the  curve  of  (&,)  max  shown  in  Figure  21.  From  this,  thm 
minimum  acceptable  response  surface  shown  In  Figure  22  was 
derived.  An  alternate  approach  to  this  problem  Involves 
the  solution  of  equation  (10)  by  cut-and-try  methods  for  each 
Individual  landing  shock,  and  the  ultimate  combining  of  the 
results  to  obtain  an  envelope  of  maximum  values.  The  results 
of  this  analysis  for  six  different  landing  ahocksusing 
D  a  30,000  are  shown  by  the  values  off^n)  max  set  forth  on 
Figure  23  to  25  inclusive,  for  values  or  g  w  10,  20  and  50, 
respectively.  It  is  evident  from  an  inspection  of  these 
figures  that  one  landing  shock  may  be  more  severe  with  respect 
to  systems  of  a  certain  natural  frequency,  while  another 
landing  shock  may  be  more  severe  with  respect  to  systems  of 
a  certain  natural  frequency,  while  another  landing  shock  may 
be  more  severe  with  respect  to  systems  of  other  natural 
frequencies.  An  envelope  encompassing  the  maximum  response 
acceleration  amplitudes  at  each  natural  frequency,  regardless 
of  landing  shock,  thus  represents  the  most  severe  environment 
to  be  expected  as  a  result  of  any  landing.  These  envelopes 
are  drawn  in  Figure  26  for  values  ■  10,  20,  and  50. 

A  comparison  of  the  maximum  response  acceleration 
amplitude  (y^ )  max  Is  shown  In  Figure  27  for  the  alternate 
methods  of  calculation,  using  the  value  g  e  20  for  the  damping 
parameter.  The  solid  line  is  reproduced  from  the  curve  for 
D  *»  30,000  in  Figure  21,  and  Is  obtained  by  evaluating  equation 
TlO)  directly  from  the  resultant  block  diagram  of  Figure  20. 

The  dotted  line  is  the  envelope  of  maximum  response  acceleration 
amplitude  (&)  max  when  g  «.  20,  for  all  landings  Investigated 
individually  as  shown  on  Figure  26.  The  agreement  between  the 
results  obtained  by  those  alternate  methods  i3  good,  and 
justifies  the  less  laborious  procedure  which  uses  the  composite 
block  diagram  of  Figure  20.  The  curves  shown  in  Figure  27  will 
be  identified  here  by  tho  designation  "cumulative  damage  criterion 
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to  Indicate  that  they  Include  the  effect  of  oumolative 
damage  from  many  cycles  of  smaller  stress.  This  Is  la 
oontrast  to  the  following  analysis  which  neglects  the  cumulative 
effect  and  considers  only  the  damaging  effect  of  the  cycles 
of  stress  having  the  greatest  magnitude. 

The  inclusion  of  the  effects  of  cumulatlTe  damage  in 
the  analysis  becomes  somewhat  involved  because  of  the  need 
for  evaluating  equation  (10)  by  cut-and-try  methods.  If 
only  the  effect  of  the  cycle  having  greatest  stress  Is  considered* 
the  responses  may  be  shown  as  illustrated  in  Figures  28  to  30 
where  the  ordinate  is  the  maximum  value  of  response  aooe Ler  atlon 
X  for  each  natural  frequency,  independent  of  number  of 
occurrences.  The  designation  "shock  spectra"  has  received 
widespread  acceptance  to  describe  curves  of  the  type  set  forth, 
lm  Figures  28  to  30.  Eaoh  of  Figures  28  to  30  applies  to  a 
different  value  of  g,  and  each  line  on  a  particular  figure 
refers  to  a  different  landing  shock. 


To  show  a  comparison  between  the  shock  spectra  of  Figures 
28  to  30  and  the  curves  which  consider  cumulative  damage*  the 
envelope  representing  the  maximum  value  of  response  acceleration 
shown  on  Figure  29  for  ft  »  20  is  reproduced  as  curve  A  la 
Figure  31.  Inasmuch  as  J)  =  30*000  in  the  preceding  calculation^ 
It  is  assumed  now  that  curve  A  represents  the  value  of 

response  acceleration  V  that”must  be  endured  for  30*000 
landings.  In  the  previous  calculation*  values  were  calculated 
for  on  basis  that  n*  *  1000  cycles  of  stress 

reversal.  On  the  same  basis*  a“*curve  corresponding  to  curve 
A  but  adjusted  to  1*000  landings  may  be  derived  from  curve 
A  by  referring  to  equation  (7)  and  computing  the  ratio  of 
accelerations  V  for  a  ratio  of  cycles  N  30,000  to  1*000. 

This  gives  an  acceleration  ratio  of  1.47.  The  ordinates  of 
curve  A  in  Figure  31  are  now  multiplied  by  1.47  to  obtain 
curve  B.  Thl^  curve  represents  the  required  response 
acceleration  ^  assuming  1000  cyoles  of  stress  reversal*  and 
may  thus  be  compared  with  the  results  previously  obtained 
considering  the  effect  of  cumulative  damage.  To  facilitate 
this  comparison,  the  dotted  curve  on  Figure  27  is  reproduced 
as  curve  C  in  Figure  31.  The  extent  of  the  agreement  between 
curves  B  and  C  in  Figure  31  is  an  indication  of  the  offset  of 
cumulative  damage  In  evaluating  the  damaging  potential  of 
repeated  shocks.  The  spacing  between  these  curves  suggests 
that  the  cumulative  effect  of  cycles  of  lower  stress  Is 
appreciable  but  not  so  great  as  to  warrant  the  additional 
analytical  time  necessary  to  make  the  correction.  This  should 
not  be  construed  as  a  generalization  but  only  a  tentative 

on  Pr®®ent  conditions.  A  more  complete  Investigation 
of  this  and  other  problems  may  lead  to  a  different  conclusion. 

The^xni^num  nccoptable  response  surface  shown  in  Figure  22 
represents  the  required  strength  of  any  equipment  which  will  be 
subjected  to  the  landing  shocks  being  analyzed  here.  It  may  be 
determined  by  any  convenient  analysis,  as  pointed  out  in  the 
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preceding  discussion*  Since  one  of  the  parameters  ot  Idle 
surface  is  total  number  of  a*  .«as  reversals  experienced  bj 
the  equipment  during  its  life,  it  is  possible  to  devise  a 
transformation  from  actual  environment  to  laboratory 
conditions*  The  latter  necessarily  involves  fewer  cycle*  at 
stress  reversal.  An  analysis  based  on  laboratory  testing 
conditions,  however,  must  yield  values  of  falling  abovo 
the  minimum  acceptable  response  surface  for  appropriate 
values  of  ^  and  n^* 

Following  the  hypothesis  formulated  by  Miner  to  account 
for  the  effect  of  cumulative  damage  in  fatigue,  a  shock 
test  is  suitable  for  qualifying  equipment  to  withstand  the 
shock  represented  by  the  minimum  acceptable  response  surface 
shown  in  Figure  22  if  it  meets  the  following  requirement: 

D'tr-Sr)*!  tl2) 


where  D»  represents  the  number  of  applications  of  shock 
during”" the  test,  n*  represents  the  number  of  occurrences  of 
various  maximum  values  of  acceleration  response,  and  N  la 
taken  from  Figure  19*  Equation  (12)  is  patterned  after 
equation  (10),  and  must  be  epplled  at  each  of  several 
natural  frequencies.  Considerable  discernment  is  necessary 
in  establishing  a  suitable  level  for  the  shock  test.  It  is 
important  that  D»,  the  number  of  applications  of  shock,  not 
be  too  great  because  the  teat  then  tends  to  become  laborious* 
On  the  other  hand.  If  D*  is  made  too  small,  the  required 
response  acceleration  tends  to  become  unduly  great  and  the 
assumption  of  linearity  for  tho  structure  becomes  invalid* 

In  other  words,  referring  to  Figure  19,  the  part  of  the 
curve  for  N  v  io->  becomes  applicable*  The  need  for  main¬ 
taining  D*  relatively  great  perhaps  suggests  that  the  shock 
testing  machine  should  be  of  an  automatically  repeating  type* 
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MAXIMUM  RESPONSE  ACCELERATION  AMPLITUDE  (ya)  NM|  f 


NATURAL  FREQUENCY  OF  STRUCTURAL  ELEC3iT(«J.  CPS 

FIGURE  El.  MAXIMUM  R2CF0M22  ACCELERATION  AKFUTUSZ 
AS  A  FUNCTION  OF  NATURAL  FREQUENCY  PCI  AOOU^EO  VALUES 
D*  10,000  AND  30,000.  DAMPING  PARAMETER  O*?. O.  THESE 
CURVES  ARE  INTERSECTION  OF  MINIMUM  ACCEPTABLE  RESPONSE 
SURFACE  WITH  PLANE  n,  *  K)S  WHERE  aa  *  D  a. 
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tatftlUUtf  RESPONSE  ACCELERATION  AXPUTUDE 


NATURAL  FREQUENCY  (fn  )  ,  CPS. 


FIGURE  23.  CURVES  OF  MAXISOTJ  RESPONSE  ACCELERATION 
AMPLITUDE  AS  A  FUNCTION  OF  NATURAL  FFJEQUEKCY  FOR 
INDIVIDUAL  LAN  DINS  SHOCKS  WHEN  O'  10  AND  D*  30,000 

WADC  TR  S4-272 


70 


R£$P0HS£  ACCELERATION  AMPLITUDE 


20  40  60  60  100  120  140  (GO  180  200 


NATURAL  FREQUENCY  (fn),  ep» 

FIGURE  23.  CURVES  OF  MAXIMUM  RESPONSE  ACCELERATION  AS  A 
FUNCTION  OF  NATURAL  FREQUENCY  FOR  INDIVIDUAL  LANDING  SHOCKS 
WHEN  0  »  SO  AND  D »  30,000. 
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uAxmuj  r^poece  acml£GAH03  Atipuruos  t  y  ut 
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j  KATURAL  FnECUEtJCY  (f^,  cp»- 
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I  nouns  27-  MAxiKuei  Response  acceleration  amplitude  as  a 
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OF  REGUiTO  OBTAINED  DY  ALTERNATE  C3STHOD3  OP  CALCULATION- 
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UJUniUU  VALUE  OF  RESPOND  ACCELERATION  t jfa J * g 


FiC'JOS  20.  SHOCK  3F2CTRA  FC.l  ItiSZ.’iSUAL  L£23a  RECORDS,  0  «I0- 
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f-JAHIUUa  VALUE  OF  RESPONSE  ACCL£RAT10L^)lUJL, f 


R3URS  29.  SHOCK  SPECTRA  FOR  rSTSSUAL  LAKDftd  RECORDS, 

0 »  20. 
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SHOCK  TESTING  PROCEDURES 


Several  different  type*  of  a  hook  testing  naohiaea  as* 

In  current  use  for  testing  equipment  intended  for  airborne 
service*  One  of  the  most  commonly  used  machines  is  the 
Type  150-400  YD  Variable  Duration  Shock  Testing  Machine* 

The  equipment  under  test  is  attached  to  an  elevator  con- 
strained  by  suitable  guides  arranged  to  move  only  vertically* 
To  oonduct  shock  tests ,  the  elevator  is  lifted  by  a  cable 
arrangement  a  pre-determined  distance  by  suitable  meanst  and 
is  permitted  to  fall  freely*  Downward  motion  of  the  elevator 
Is  arrested  as  it  falls  into  a  sand  box  constituting  the 
lower  part  of  the  shock  testing  machine*  The  bottom  of  the 
elevator  carries  an  array  of  wooden  cleats  whose  arrangement 
may  be  varied  to  change  the  suddenness  of  application  of  the 
decelerating  force*  Current  specifications  often  call  for 
shock  tests  of  two  different  degrees  of  severity.  One  of 
these  involves  a  free  fall  of  approximately  four  inches, 
while  the  other  Involves  a  free  fall  of  13  inches.  The  time 
histories  of  acceleration  as  measured  on  the  elevator  are 
shown  by  the  oscillograms  set  forth  in  Figures  32  (A)  and 
(B),  respectively. 

The  oscillograms  shown  In  Figure  32  have  been  fed  into 
the  analog  computer,  and  shock  spectra  have  been  obtained. 
These  shock  spectra  take  Into  consideration  only  the  maximum 
response  acceleration;  they  are  shown  graphically  in  Figure  33 
for  both  the  1|.  inch  and  13  Inch  free  fall.  These  shock 
spectra  show  excessively  high  values  at  natural  frequencies 
of  approximately  500  cps,  the  frequency  of  the  predomlnent 
vibration  which  is  superimposed  upon  the  pulses  shown  in 
Figure  32*  This  superimposed  vibration  excites  a  structure 
having  a  natural  frequency  of  $00  cps  and  causes  a  pronounced 
peak  in  the  shock  spectrum*  This  Is  in  contrast  to  the 
records  obtained  from  measurements  made  In  service  conditions 
where  the  lack  of  high  frequencies  in  the  record  suggests 
limitations  In  the  Instruments* 

To  afford  a  comparison  of  the  shock  machine  output  and 
the  shock  experienced  during  landing,  as  determined  from  the 
preceding  analysis,  curve  B  is  reproduced  on  Figure  33  from 
Figure  31.  This  curve  includes  a  factor,  noted  in  connection 
with  Figure  31,  which  transforms  the  magnitude  of  the  response 
acceleration  to  a  value  which  Is  appropriate  for  lOOOcycles 
of  stress  reversal.  Current  shock  testing  procedures  Involve 
substantially  fewer  than  lOOOcycles  of  stress  reversal. 
Consequently,  the  lower  curve  in  Figure  33  is  not  strictly 
comparable  with  the  upper  curve  because  of  this  disparity  in 
number  of  cycles*  The  curve  representing  the  shock  spectra 
of  the  landing  shocks  cannot  be  further  transformed  by  an 
additional  reduction  in  the  number  of  cycles  because  of  a 
discontinuity  at  H=  1000  cycles,  as  Indicated  in  Figure  19. 
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The  other  alternative  Involves  an  Increase  In  the  number  of 
applications  of  shock  Involved  in  a  representative  shock  test* 
It  will  be  one  of  the  recommendations  In  this  report  that 
consideration  be  given  to  so  modifying  the  shock  testing 
procedure. 

The  curve  describing  the  shock  speotrum  for  Individual 
landings  in  Figure  33  should  substantially  coincide  with  the 
shock  spectrum  for  the  four  lnoh  free  fall  of  the  shook 
testing  machine*  if  the  number  of  cycles  of  stress  reversal 
were  the  same*  The  spread  between  the  two  curves  appears 
too  great  to  be  accounted  for  entirely  by  number  of  cycle* 
of  stress  reversal*  nils  suggests  that  the  laboratory  shook 
testing  requirements  should  be  modified  to  call  for  (1)  a 
significantly  larger  number  of  amplications  of  shock  and  (2) 
a  ■substantially  less  severe  shock*  The  latter  concluaion 
must  be  qualified  at  this  time  because  there  Is  considerable 
eivdence  that  records  defining  landing  shock  of  maximum 
expected  severity  were  not  made  available  to  Contractor  and 
have  not  been  included  in  this  analysis*  If  such  records 
are  made  available  during  a  supplemental  program*  an  analysis 
of  the  records  may  reveal  that  the  current  shock  testing 
procedure  is  valid  insofar  as  severity  is  concerned*  It 
appears  desirable  in  any  event  to  eonaider  increasing  the 
number  of  applications  of  shock  in  a  typical  test*  Any 
changes  in  the  shock  testing  program*  together  with  possible 
changes  in  the  design  of  shock  testing  equipment*  will  be 
considered  in  a  supplemental  program* 

The  shook  spectrum  representing  the  performance  of  the 
shock  testing  machine  at  a  free  fall  of  13  inches*  aa  shown 
by  the  upper  curve  in  Figure  33*  involves  values  of  response 
acceleration  fer  in  excess  of  those  Indicated  by  the 
environmental  conditions  studied  in  this  analysis*  It  is 
understood  that  the  test  Involving  a  13  inch  free  fall  is 
intended  to  simulate  conditions  encountered  during  minor 
crashes;  It  would  not  be  expeoted*  therefore,  that  oscillograms 
obtained  during  normal  landings  would  conform  to  crash 
conditions*  It  la  understood  by  the  authors  of  this  report 
that  the  level  of  severity  embodied  in  a  13  inch  free  fall  was 
established  by  representatives  of  the  United  States  Air  Force 
during  a  study  of  several  airplane  crashes.  Under  these 
circumstances*  and  in  the  absence  of  numerical  test  data 
obtained  during  crashes*  the  authors  feel  that  the  shock 
test  involving  a  13  inch  free  fall  should  not  be  considered 
subject  to  review  at  this  time*  It  Is  recommended,  however, 
that  every  opportunity  be  used  to  re~examlne  the  requirements 
for  the  more  severe  shock  test  with  the  objectives  of 
determining  whether  the  presently  specified  test  is  realistic 
and  whether  the  test  serves  its  primary  function  of  insuring 
that  equipment  does  not  become  a  missile  within  personnel 
spaces  during  crash  conditions* 
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(A)  Pour  Inch  free  fall 
Time 


(B)  13  Inch  free  rail 
Time 


(1)  Acceleration  on  elevator 

(2)  Similar  to  (1) 

(3)  Calibration  trace  -  l5g 
(peak-to-peak)  and  60  cpa. 


(1)  Calibration  traces  -  30g 
(peak-to-peak)  and  60  ops* 

(2)  Acceleration  on  elevator 

(3)  Strain  in  cantilever  beam 
with  natural  frequency  of 
500  cpe.  mounted  on 
elevator. 


Figure  3 2.  Oscillograms  showing  performance  of  150-4.00  VD 
Modiura  Impact  Shock  Machine. 
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MAXIMUM  VALUE  OP  RESPONSE  ACCELERATION!  >#)  SAX,, « 


NATURAL  FREQUENCY  <fn),  cpt 


FIGURE  33.  COMPARISON  OF  SHOCK  SPECTRA  FOR  I50-400VD. 
SHOCK  MACHINE  WITH  SHOCK  SPECTRA  03TASJE0  FROM  ENVELOPE 
OF  INDIVIDUAL  LAtiENGS. 
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OTHER  CONSIDEBATIOIS 


Use  of  Isolators 

Tha  analysis  used  in  this  investigation  for  both 
steady-state  and  transient  conditions  is  based  upon  tha 
assumption  that  the  equipments  being  investigated  can  be 
idealized  as  aingle-degree-of-freedom  systems.  This  is 
indicated  in  Figure  1,  and  the  discussion  pertaining  thereto. 
Although  the  natural  frequencies  of  structures  in  higher 
modes  of  vibration  are  of  appreciable  significance.  It  la 
felt  that  considerable  insight  into  the  strength  of  equipment 
subjected  to  vibration  and  shock  can  be  achieved  by  considering 
the  equipments  and  components  thereof  as  simple  systems.  When 
such  equipments  are  supported  by  isolators,  an  additional 
factor  is  introduced.  Considering  the  equipment  to  be  comprised 
of  concentrated  masses  and  massless  springs,  the  equipment  on 
isolators  must  be  considered  as  at  least  a  two-degree-of- 
freedom  system.  One  of  the  degrees  of  freedom  Is  associated 
with  the  entire  equipment  on  isolators,  while  the  other 
deeree-of -freedom  pertains  to  the  individual  components  with 
reference  to  the  chassis  of  the  equipment.  A  doubt  may  arise 
concerning  the  validity  of  the  results  obtained  on  the  basis 
of  the  single-degree-of -freedom  concept.  This  question  can 
best  be  answered  by  considering  the  steady-state  and  transient 
conditions  independently. 

The  laboratory  tests  which  simulate  the  conditions  of 
steady-state  vibration  in  aircraft  are  true  simulated  tests 
In  the  sense  that  the  laboratory  tests  reproduce  both  the 
frequency  and  amplitude  of  the  environment  with  su®“ 
modifications  as  required  to  compensate  for  the  relatively 
short  duration  of  the  laboratory  tests.  Isolators  are 
frequency-sensitive  elements,  with  the  result  that  all 
amplitudes  in  a  system  retain  their  proportionality  at  a 
given  frequency.  In  other  words,  the  responses  of  com¬ 
ponents  of  tho  equipment  have  a  certain  relation  to  the 
environment  independent  of  the  vibration  amplitude  embodied 
in  the  environment.  The  use  of  isolators,  therefore,  does 
not  influence  the  selection  of  the  exaggeration  factor 
employod  to  select  an  amplitude  for  the  vibration  test 
whi«h  simulates  the  steady-state  aspect  of  the  environment. 

The  analysis  which  establishes  the  test  for  steady-state 
conditions  thus  remains  rigorous,  with  or  without  the  use 
of  isolators  to  support  the  equipment  during  tests. 

In  the  transient  vibration  or  shock  aspect  of  the 
problem,  the  laboratory  test  Is  r.ot  a  direct  simulation 
In  the  sense  that  frequencies  and  amplitudes  are  reproduced. 

The  laboratory  test  is  considered  to  simulate  the  environment 
If  the  responses  of  a  wide  range  of  equivalent  systems  are 
equivalent.  Under  these  circumstances,  it  is  probable  but 
not  essential  that  a  large  response  in  a  system  of  a  particular 
natural  frequency  will  be  the  result  of  vibration  present  in  the 
environment  at  this  frequency.  Inasmuch  as  Isolators  are 
frequency-responsive  elements,  they  thus  tend  to  function 
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during  laboratory  tasting  to  *  Banner  similar  to  tbst  in  ttilct 
they  function  during  actual  aervlce.  A  discrepancy  In  th£a 
reasoning  may  arise  as  a  result  of  non-linearity  in  the  isolators* 
particularly  if  the  non-linearity  is  severe  as  in  the  case  of  hard 
bottoming*  This  Introduces  &  degree  of  doubt  regarding  the 
validity  of  the  test  if  isolators  are  used  during  the  alamlatioa 
of  transient  vibration  or  shook. 

The  above  discussion  indicates  that  the  uae  of  isolators 
during  ateady-state  vibration  does  not  invalidate  the  laboratory 
test«  With  regard  to  the  shook  tests  used  to  simulate  transient 
conditions,  there  is  a  point  of  doubt  introduced  primarily  by 
the  non-linearity  of  isolators*  It  is  believed,  however*  that 
the  conditions  will  be  made  more  nearly  representative  of 
actual  conditions  by  employing  isolators  than  by  eliminating 
frViAwi,  As  a  consequence,  it  is  recommended  that  any  equipment 
mounted  upon  isolators  in  actual  service  installations  be 
similarly  mounted  during  laboratory  testa* 


Transportation  and  Handling 

The  ability  of  equipment  to  withstand  the  vibration  and 
shock  encountered  during  transportation  by  common  carrier  or 
otherwise  Is  related  to  the  problem  of  isolators  because 
such  equipment  is  normally  protected  by  cushioning  of  some 
type  during  shipment.  Although  transportation  involves  the 
identical  items  of  equipment  considered  in  this  report,  the 
problem  is  basically  unrelated  to  the  investigation  of 
environmental  conditions  in  aircraft.  The  problems  encountered 
and  the  strength  required  of  the  items  being  shipped  are 
identical  for  the  shipment  of  any  commodity*  It  is  understood 
that  specifications  and  standard  procedures  have  boon  established 
for  the  shipment  of  military  supplies,  and  that  the  degree  of 
success  experienced  during  such  shipment  is  being  constantly 
monitored.  It  Is  evident  that  the  nature  of  the  vibration  and 
shock  encountered  during  shipment  cannot  be  modified  by  this 
analysis.  If  the  equipment  is  unable  to  withstand  the 
treatment  received  during  shipment,  it  should  be  redesigned  or 
provided  with  better  protection.  With  regard  to  protection  of 
equipment  during  transportation,  it  is  suggested  that  a  study 
be  made  of  the  damage  sustained  by  suoh  equipment  during 
transportation  to  serve  as  a  guide  to  proper  remedial  action. 

The  term  "ground  handling  shook"  is  sometimes  used  to 
designate  the  type  of  shock  experienced  by  equipment  as  a 
result  of  handling  during  servicing,  installation,  and 
re-arrangement  in  aircraft  during  tactical  use.  It  is 
understood  that  equipment  is  sometimes  set  down  upon  a  hard 
bench  or  the  floor,  or  upon  a  table  of  an  aircraft  where 
vibration  is  normally  present.  Under  these  types  of  handling* 
Isolators  often  are  not  present  to  afford  protection  to  tha 
equipment.  While  it  is  conceded  that  the  shock  experienced 
during  such  handling  is  of  importance,  it  does  not  appear 
possible  to  include  a  consideration  of  those  oondltions  in 
this  analysis  for  at  least  two  reasons  as  follows: 


WADC  TR  54-272 


(a)  This  analysis  Is  based  primarily  upon  numerical 
data  representative  of  service  conditions.  From 
the  nature  of  the  circumstances*  it  does  not 
appear  feasible  to  collect  numerical,  datm 
representative  of  ground  handling  conditions. 

(b)  The  avoidance  of  damage  during  ground  handling 
conditions  would  appear  to  be  a  matter  of 
education.  Equipment  Is  designed  primarily 
for  combat  use  in  aircraft*  and  the  tests 
recommended  in  this  report  are  Intended  to 
insure  that  the  equipment  ia  suitable  for  Its 
intended  use.  If  the  equipment  is  satisfactory 
for  combat  but  subject  to  damage  by  handling, 
it  Is  recommended  that  the  persons  responsible 
for  such  handling  be  educated  in  proper  handling 
techniques. 
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CONCLUSIONS 


The  desired  end  result  of*  the  analysis  reported  here 
is  a  testing  procedure  for  laboratory  use*  of  established 
validity  for  certifying  that  electronic  and  accessory 
equipment  is  qualified  to  withstand  tho  vibration  and 
shock  encountered  in  aircraft  service*  Inasmuch  as  the 
present  program  does  not  include  within  its  scope  the  aetual 
measurement  of  vibration  and  shock  in  aircraft,  reliance 
amirt  be  placed  on  the  use  of  existing  measured  data* 
Unfortunately,  the  data  made  available  to  the  Contractor 
are  Incomplete  in  many  Instances,  are  of  doubtful  validity 
in  other  instances,  and  often  are  not  presented  in  a  font 
that  is  useful  in  tho  type  of  analysis  carried  out  here* 

For  these  reasons,  the  conclusions  set  forth  here  must  be 
regarded  as  tentative,  pending  the  opportunity  to  remove 
the  Inadequacies  in  the  data* 

Although  vibration  and  shock  are  often  referred  to  as 
a  type  of  environment,  they  are  basically  different  phenomena* 
The  former  Is  steady-state  in  nature,  while  the  latter  is 
transient.  Consequently,  they  require  different  methods 
of  analysis,  the  results  are  presented  in  different  forms, 
and  different  testing  methods  are  required*  They  are 
considered  separately  throughout  the  report,  and  the 
conclusions  are  presented  separately* 

It  is  generally  conceded  that  vibration  tests  should 
cover  the  frequency  range  between  the  lowest  and  highest 
vibration  frequency  encountered  In  the  actual  environment* 

The  range  of  frequencies  may  be  oovered  by  continuously 
changing  the  test  frequency  in  a  pattern  leading  from 
minimum  to  maximum  and  back  to  mlnlmuri,  As  an  alternative, 
the  vibration  test  may  be  conducted  at  discrete  frequencies 
separated  by  predetermined  frequency  Intervals.  For  reasons 
which  are  set  forth  In  the  body  of  this  report.  It  is 
concluded  that  the  sweep  frequency  method  is  preferable* 
Recommendations  with  regard  to  the  vibration  test  are  as 
followst 

(a)  It  should  bo  required  that  the  equipment  operate 
properly  while  vibrating  at  any  frequency  between 
5  and  50  cycles  per  second  with  a  displacement 
amplitude  of  0,030  Inch  peak-to-peak,  and  at  any 
frequency  between  $0  and  500  cycles  per  second 
with  an  acceleration  amplitude  of  +l|g.  These 
values  represent  the  Contractors  estimate  of 
expected  maximum  environments*  This  tost  Is  only 
to  insure  that  the  equipment  will  remain  operative 
when  subjected  to  the  actual  environment* 
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(b)  The  equipment  should  be  required  to  withstand, 
without  failure,  vibration  at  a  displacement 
amplitude  of  0.070  inch  peak-to-pe&k  at  all 
fraquanclaa  between  5  .and  SO  eyelea  per  second, 
and  an  acceleration  amplitude  of  +9.5g  at  all 
frequencies  between  50  and  500  cycles  per  second. 
This  test  is  to  be  continued  for  a  period  of 
approximately  four  hours  in  each  of  three  directions, 
and  involves  the  rates  of  ehange  of  frequency  set 
forth  in  Figure  13a  of  the  body  of  this  report* 

This  is  the  accelerated  vibration  test.  It  is 
not  contemplated  that  equipment  be  required  to 
operate  properly  during  this  test,  but  that  it 
should  be  operative  at  the  conclusion  of  the 
test  and  that  it  should  not  sustain  damage 
during  the  teat. 

Transient  vibration  or  shock  cannot  be  defined  in  terms 
of  frequency  and  amplitude.  Consequently,  the  preceding  type 
of  analysis  is  inapplicable  to  a  consideration  of  transient 
conditions.  A  time  history  of  the  transient  environment  is 
required.  A  group  of  oscillograms  giving  the  time  history 
of  acceleration  experienced  during  landing  of  aircraft  was 
made  available  to  the  Contractor.  From  among  this  group  of 
records,  certain  records  were  selected  for  analysis. 

Insofar  as  could  be  determined  prior  to  analysis,  these 
reoords  were  seleoted  on  the  basis  that  they  should  be  the 
most  severe  of  the  group,  and  represent  a  diversity  of 
characteristics  so  that  the  result  would  be  representative 
of  a  range  of  transient  conditions.  There  is  reason  to 
bolleve  these  reoords  do  not  approach  the  level  of  severity 
that  may  be  embodied  in  records  available  from  other  sources* 
For  this  reason,  the  analysis  cannot  be  considered  complete 
at  this  time,  and  no  conclusion  has  been  reached  finally. 

As  a  result  of  the  analysis  completed  at  this  time,  however, 
certain  tentative  opinions  may  be  expressed  regarding  the 
shock  test* 

(a)  The  analysis  does  not  indicate  a  level  of  shock 
as  groat  as  that  embodied  in  the  conventional 
laboratory  test  Involving  a  height  of  drop  of 
13  Inches,  ofton  referred  to  as  a  test  with  a 
maximum  acceleration  of  30g  and  a  duration  of 
0*011  second.  This  conclusion  apparently  is 
justified,  inasmuch  as  tho  13  inch  shock  test  Is 
considered  to  be  representative  of  crash 
conditions,  and  the  records  available  to  the 
Contractor  do  not  Include  crash  conditions. 
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(b)  Current  shook  testing  specifications  also  call 
for  a  shook  tost  involving  a  free  fall  of  k. 
lnohes*  often  referred  to  ae  a  test  with  a 
maximum  acceleration  of  l5g  and  a  duration  of 
0*011  seoond.  This  is  considered  to  be 
representative  of  severe  operating  conditions* 

The  analysis  carried  out  here  indicates  that 
the  shook  test  should  be  modified  to  include  a 
substantially  greater  number  of  applications 
of  shock*  perhaps  at  a  somewhat  lower  severity* 

The  desired  level  of  the  test  is  established 
only  tentatively  becauae  it  ia  suspected  that 
available  oscillograms  do  not  show  maximum 
expected  severity* 

The  analysis  of  steady-state  vibration  included  in  this 
report  is  prodicated  primarily  upon  the  data  set  forth  in 
Reference  55*  As  explained  in  a  preceding  paragraph,  an 
attempt  was  mado  to  re-evaluate  the  data  with  the  objective 
of  eliminating  non-representative  portions  thereof.  This 
re-evaluation  was  of  a  cursory  nature*  however*  because  it 
was  not  included  within  the  scope  of  the  project  as  initially 
established*  and  resources  were  not  available  to  make  a 
comprehensive  re-examination*  The  authors  remain  somewhat 
dissatiofiod  with  the  result*  and  suggest  a  comprehensive 
ro-evaluation  of  steady-state  vibration  conditions  to 
include  the  following: 

(a)  It  should  bo  determined  by  examining  representative 
portions  of  the  original  records  that  the  reported 
amplitudes  and  fraquoncios  aro  sufficiently 
periodic  to  make  a  tabular  presentation  significant* 
There  ia  reason  to  suspect  that  certain  data  in 
Reference  55  which  appoor  to  indicate  steady-state 
conditions  actually  refer  to  transient  conditions* 

(b)  Where  nnplitudoa  and  frequencies  are  reported  in 
numerical  terms*  it  should  be  a  requirement  of 
such  a  presentation  that  a  harmonic  analysis  of 
the  original  oscillogram  has  bson  made.  Attempts 
to  dotorniino  amplitude  and  frequency  of  a  complex 
record  by  innp  ction  may  be  misleading  unless  care 
la  oxcrclsed* 

(o)  Much  of  the  data  set  forth  in  Reference  55  refer  to 
noasurcr.snta  made  at  locations  within  the  aircraft 
not  representative  of  positions  for  installation 
of  electronic  or  accoosory  equipment*  Many  points 
can  bo  eliminated  from  tho  tabular  data  in 
Reference  55  by  noting  the  location  of  the 
meaourcr.ont*  The  effects  of  such  elimination  upon 
tho  graphical  presentation  cannot  bo  determined* 
howovor,  without  entirely  replotting  the  graphs. 

It  is  questionable  that  a  care  replot  of  tho  tabular 
data  is  justified  without  at  the  same  time  examining 
such  data  to  determine  that  they  represent  steady— 
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envelope  would  be  experienced  or  duplicated  a  given  number 
of  times  In  the  life  of  the  aircraft  appears  to  be  the  only 
logical  assumption  in  the  absence  of  statistical  data 
indicating  the  probable  occurrences  of  various  levels  of  shook 

severity* 

Osoillograms  defining  conditions  of  transient  vibration  or 
shock  which  were  made  available  to  the  Contractor  do  not 
indicate  the  severity  believed  to  occur  in  certain  phases  of 
aircraft  operation*  This  part  of  the  analysis  was  of 
necessity  carried  out  last  because  of  delays  encountered  in 
placing  the  analog  computer  into  operation*  Consequently* 
time  was  not  available  to  obtain  and  analyze  additional 
records  showing  shock  of  maximum  severity*  It  is  hoped 
that  this  deficiency  can  be  removed  in  a  supplemental 
program*  and  that  agencies  having  cognizance  of  operations 
in  which  shock  of  greatest  severity  occurs  will  cooperate 
by  making  records  of  such  shock  available  for  analysis* 

In  the  meantime*  conclusions  reached  in  this  report  with 
respect  to  shock  tests  must  be  considered  tentative  and 
probably  not  severe  enough* 

It  is  pointed  out  in  this  report  that  a  transient  vibration 
or  shock  can  best  be  evaluated  by  determining  the  response  of 
systems  subjected  to  such  vibration  or  shock*  This  can  be  done 
quite  readily  for  slngle-dogree-of -freedom  systems  having  natural 
frequencies  and  damping  parameters  within  representative  ranges* 
Many  actual  equipments  involve  not  single-degree-of-freedom 
systems  but  multl-degree-of -freedom  systems;  non-linear 
elasticity  often  exists  in  place  of  the  assumed  linear 
elasticity*  No  attempt  was  made  in  this  analysis  to  investigate 
the  effect  of  either  added  degrees  of  freedom  or  non-linearity* 
While  it  is  believed  by  the  authors  that  a  damped,  linear* 
slngle-degree-of -freedom  system  may  serve  as  a  fairly  satisfactory 
criterion  for  comparing  environmental  conditions  with  laboratory 
test  conditions*  it  seoms  evident  that  future  investigations 
should  Include  the  effects  of  non-linearity  and  additional 
degrees  of  freedom  ,1f  the  method  of  analysis  is  to  be  refined. 

This  report  Includes  data  on  the  response  acceleration 
which  serves  to  define  the  environmental  conditions  arising 
from  shock  or  transient  vibration.  Methods  of  using  such 
response  data  to  formulate  a  requirement  for  laboratory 
testing  are  explained.  A  brief  analysis  of  current  shock 
testing  machines  is  included*  and  it  is  Indicated  that 
certain  modifications  in  the  shock  testing  machines  and 
tasting  procedures  may  be  desirable.  This  report  does  not 
include  within  its  scope  a  study  of  the  changes  in  testing 
machine  design  required  to  achieve  the  desired  correspondence 
between  environmental  and  laboratory  conditions.  It  Is 
recommended  that  the  program  be  continued  to  make  the 
necessary  modifications  In  laboratory  testing  equipment  and 
testing  procedure. 


WADC  TR  54-272 


90 


A  program  should  be  established  to  validate  the  con¬ 
clusions  reached  here  on  the  basis  of  hypothesis  and 
idealization.  Such  validation  can  be  obtained  only  by 
comparing  the  results  of  laboratory  tests  of  equipment 
with  the  experience  gained  by  operation  of  such  equipment 
in  actual  flight  environments.  It  is  recommended  that  a 
system  be  established  for  comparing  these  experiences. 

Failure  of  any  equipment,  with  as  much  detail  on  failed 
components  as  possible,  should  be  reported  to  a  central 
agency  whenever  the  failure  appears  to  be  the  result  or 
vibration  or  shock.  If  similar  failures  are  not  noted  as 
a  result  of  laboratory  testing,  there  would  be  an  indication 
that  the  testa  are  not  effective  in  simulating  the 
conditions  encountered  in  flight.  This  would  then  call  fo 
re-evaluation  of  laboratory  testing  conditions.  It  is 
recommended  that  such  a  data  collection  procedure  be 
instituted  immediately,  and  that  the  system  include  means  to 
compare  the  results  of  laboratory  testing  with  actual 
experience  in  flight  environments. 

The  ability  of  equipment  to  withstand  transient 
environmental  conditions  is  a  function  not  only  o.  the 
environment  but  also  of  the  strength  of  the  equipment.  A 
particular  equipment  may  be  constructed  with  relatively  great 
strength  and,  at  tho  same  time,  be  particularly  vulnerable  to 
atgivfn  environment  if  the  environment  includes  vibration  at 
frequencies  which  correspond  to  tho  natural  frequencies  of 
critical  compononto  of  tho  equipment.  On  the  other  hand, 
another  equipment  with  much  lower  inherent  strength  may  be 
able  to  bettor  withstand  the  same  environment  because  this 
coincidence  of  frequencies  does  not  exist.  Conclusions 
reached  in  this  analysis  are  based  upon  an  idealization  of  an 
equipment  as  a  aingle-dogree-of-f reedom  system.  This  type  or 
idoalization  undoubtedly  overlooks  many  important  factors  which 
can  bo  included  only  by  extending  the  analysis  to  i^iud® 
various  typos  of  nulti-degree-of -freedom  systems.  This  would 
moles  it  possible  to  include  tho  effect  of  relatively  heavy 
components  overlooked  in  the  current  analysis,  and  to  better 
ovaluate  tho  effect  of  isolators.  This  latter  evaluation 
would  bo  particularly  effective  if  it  could  includo  non¬ 
linearity  in  the  characteristics  of  isolators. 
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appendix  rr 

ANALOG  COMPUTER 


Where  transient  vibration  or  shook  is  included  In  the 

a  definition  of  the  environment  may  be  obtained 

Of  dlaplacn.bt.  volocltTj.or 

*  i. j  _  t—  fVa  analysis  carried  out  in  this  report# 

SS^n^io^nt^s'd^f^^nterma  of  acceleration  a.  shown 

by  the  acceleration- time  curves  set /ASfJUVthli 
Figures  of  Appendix  I.  As  explained  in  Sootion  9  of  this 
the  severity  of  the  enviranmont  is  evaluated  by 
determining  the  acceleration  response  of  single-degree-of- 
freedom  systems  having  various  natural  frequencies  and. 
various  degrees  of  damping.  This  Appendix  describes  the 
analog  methods  used  to  obtain  the  responses. 

The  system  being  investigated  is  shown  by  the  schematic 
diagram  i^Pigure  II-l  where  x  indicates  the  displacement  of 
the  airframe  structure  and  2  indicates  the  displacement  of 
anv  equipment  component  attached  to  the  airframe.  The  mass 
rr:ip  _ O  define  the  physioi 


m 


jf»  ct  i-r>+#U—  v) 


(ii-l) 


Letting  the  relative  motion  of  2  with  respect  to  x J>e 
represented  by  a  new  variablo  8  =  x  -  y#  equation  II-l  may 
bo  rewritten  as  follows: 


»(K—  8)*c8+k8 

(II-2) 

This  equation  may  be  written: 

mV  *  e  8+h8 

(II-3) 

Collecting  all  terms  containing  8  in  equation  II-2  on  the 
right  hand  side  of  the  equation: 


inX«aiite8  tki 


(II-4) 


Equation  (II-4)  may  be  expressed  in  block  diagram  form  as 
shown  in  Figure  II-2.  In  this  Figure,  the  blocks  indicated 
by  J  perform  the  operation  of  integration,  those  indicated 
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rra^r  r*%  ^ 


by  0  perf^m  the  operation  of  multiplication  by  a  constant 
wherein  «ne  constant  is  given  in  parentheses  below  the  blooJc, 
and  those  indicated  by  ^  perform  the  operation  of  addition  of 
several  quantities*  All  operations  taka  place  in  the  direction 
indicated  by  the  arrows*  The  environment  is  defined  by  X 
which  la,  in  effect,  multiplied  by  the  coefficient  a  to  obtain 
the  input  m  £  to  the  analog  computer.  The  output  is  n  y>  ia 
accordance” with  equation  ( II— 3)  *  This  is  converted  to  the 
desired  response  acceleration  V  by  dividing,  in  effect,  by 
the  constant  m  used  initially  to  convert  X  to  m  x* 


The  electrical  analogy  method  consists  of  employing 
electrical  quantities  corresponding  to  the  variable  terms 
in  equation  (II«4),  and  performing  the  indicated  integration, 
multiplication,  or  addition  of  these  electrical  quantities 
in  the  order  indicated  by  the  block  diagram  of  Figure  II-2. 
Equipment  for  performing  these  operations  electrically  is 
available  commercially  from  several  sources.  The  project 
described  in  this  report  does  not  justify  the  cost  of  analog 
computer  components  of  relatively  great  accuracy,  because 
the  acceleration  records  which  define  the  environments  in 
airor&ft  are  generally  not  precise.  Taking  these  limitations 
into  consideration,  an  analog  computer  suitable  for  this 
investigation  has  been  assembled  from  components  manufactured 
by  George  A.  Philbrick  Researches,  Inc.  of  Boston.  Eaoh 
component  represented  by  one  of  the  blocks  in  Figure  1 1-2 
is  self-contained;  it  embodies  a  housing  and  convenient 
output  and  input  terminals  together  with  a  dial  for  adjusting 
the  characteristics  of  the  component.  These  components, 
together  with  the  necessary  power  supply,  rack  and  attaching 
cables,  are  assembled  together  as  shown  at  the  right  hand 
side  of  the  photograph  constituting  Figure  11-3* 


The  input  to  the  computer  is  a  voltage  proportional 
to  £  which  varies  with  time  in  an  irregular  manner.  It  was 
necessary  to  construct  a  special  function  generator  to 
generate  a  voltage  proportional  to  the  ordinate  on  the 
acceleration-time  diagrams  shown  as  insets  to  the  Figures 
in  Appendix  I.  A  special  function  generator  suitable  for 
this  purpose  i*as  designed  and  constructed  by  Professor  James 
R.  Reawick  of  the  Mechanical  Engineering  Department  of  the 
Massachusetts  Institute  of  Technology.  This  function 
generator  is  shown  with  its  cover  elevated  on  the  wheeled 
table  at  the  center  of  the  photograph  in  Figure  II-3» 


A  schematic  view  of  the  function  generator  is  shown  in 
Figure  II-l)..  It  is  comprised  basically  of  an  oscilloscope,  a 
transparent  drum  mounted  on  a  turn  table,  and  a  photo 
multiplier  tube.  The  record  which  ia  being  studied  must  be 
traced  with  a  heavy  dark  lino  on  tronoparent  material  and 
then  attached  to  the  transparent  drum.  The  record  is 
rotated  In  front  of  the  oscilloscope  screen,  and  the  photo 
multiplier  tube  causes  the  beam  of  the  cathode  ray  cube  to 
follow  the  dark  line  of  the  record  as  it  is  rotated  in  front 
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or  the  tub®,  ThI®  occurs  because  the  beam  has  * 
upward  potential?  when  it  stay®  above  the  dark  ltae,  the 
photo  multiplier  tube  feeds  a  voltage  back  into  poverties1 
DC  amplifier  of  the  oscilloscope  and  drives  the  beam  down 
behind  th®  dark  line.  Consequently,  the  beam  oftb* 
oscilloscope  rides  below  the  edge  of  the  dark J line  of  the 
record,  and  the  varying  voltage  necessary  to  hoidthebeeua 
on  the  dark  line  cai  be  picked  off  the  plate  terminals  at  th® 
baek  of  the  oscilloscope. 

The  circumference  of  the  transparent  drum  is  approximately 
36  inohea.  The  function  generator  thus  aoTOmmodates  any 
random  record  of  this  length  and  converts  it  into  a  »*•*“£* 
stat^function  because  it  repeats  itself  at  each  resolution 
of  the  drum.  The  voltage  which  is  picked  off  the  piato 
terminals  of  the  oscilloscope  thus  represents  ***“ 
state  function;  it  can  be  viewed  on  another  oscilloscope  r 
used  as  the  input  to  the  analog  computer.  In  the  work 
reported  herein,  a  DuMont  Type  322  Dual  Beam  0aci^°6^8p^J 
used  with  the  function  gonerator  and  analog  computer  so  that 
both  the  input  to  and  the  output  from  the  analog  computer 
can  be  observed  simultaneously. 

An  investigation  was  carried  out  to  eatabUsh _**}• 
equivalence  of  the  response  of  a  system  as  Jet?F“1*|®* 
tho  function  generator  and  analog  computer  to  the  actual 
response  of  a  mechanical  structure  subjected  to  a  shook 
motion.  This  was  done  to  gain  confidence  in  the  ^^racy 
and  validity  of  the  analog  computer  and  function  gonerator. 

?£o  mo^aniLl  structures  used  for  this  Investigation  were 
fivo  cantilever  beams,  ranging  in  natural  frequency  fro  30 
to  500  ops.  The  beams  were  subjected  to  the  shock  motion 
produced  by  the  Type  150  YD  Shock  Machine,  and  the  strain 
In  oach  beam  was  measured  by  a  SR-4  strain  g&ge  feeding 
throxxgh  a  carrier  type  amplifier  and  datootorintothe 
channel  of  a  DuIIont  Type  322  Dual  Seam  Caeillograph.  The 
outputs  of  tho  strain  gagee  were  recorded  photographically. 
Sinult ano ously  with  the  measurement  of  strain  in  oa.cn. 
cantilever  boon,  tho  time  history  of  the  acceleration  o 
the  elevator  of  the  shock  machine  were  recorded  by  a 
Calidyne  accoloronoter  having  a  natural  frequency  or  lupu 
cps  placed  adjacent  to  the  beam. 

A  typical  rocord  obtained  from  the  tests  of  the  cantilever 
booms  is  shown  in  Figure  II-5(a).  The  60  cps  calibration 
traces  at  the  upper  part  of  tho  record  oach  have  an  amplitude 
of  30g  poak-to-poak.  The  next  trace  is  the  accelerometer 
output  and  the  bottom  moot  trace  is  the  strain  of  a 
cantilever  boom  having  a  natural  frequency  of  493  cps.  The 
aocoleroaeter  record  was  enlorgod  four  timos  by  photographic 
moans,  traced  on  acotate,  and  attached  to  the  transparent 
drum  of  the  function  generator.  Tho  analog  computer  was 
sot  to  compute  the  response  of  a  system  having  a  natural 
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frequency  of  Zj.93  ope  to  the  accelerometer  record  as 
reproduced  by  the  function  generator.  Figure  II-5(b)  shows 
the  result*  of  this  work.  The  response  as  determined  by  the 
analog  computer  is  shown  as  the  upper  trace  in  Figure  II-5(b), 
and  the  reproduction  of  the  accelerometer  record  by  the 
function  generator  is  shown  as  the  lower  trace.  Comparison 
of  Figures  II-5(a)  and  II-5(b)  shows  excellent  correlation 
between  the  experimentally  obtained  response  of  the  bean 
system  and  the  results  obtained  from  the  analog  computer* 

The  alight  wavering  of  the  lower  trace  in  Figure  II-5 tt>) 
ftt  attributed  to  a  bad  contact  in  the  time  generating 
potentiometer  of  the  function  generator*  This  has  since 
been  corrected. 

It  was  noted  that  systems  with  small  degrees  of  damping 
could  not  be  studied  accurately  on  the  analog  computer 
because  oscillations  were  present  from  the  solution  generated 
at  the  immediately  preceding  revolution  of  the  drum  of  th» 
function  generator.  This  introduced  a  slight  error  because 
these  oscillations  were  superimposed  upon  the  solution 
generated  at  each  subsequent  revolution  of  the  drum*  Tha 
function  generator  has  been  reworked  to  incorporate  a 
"clamping  device"  which  automatically  zeros  the  computer 
after  oach  complete  revolution  of  the  reoord  drum. 

The  analog  computer  described  in  this  Appendix  has 
received  extensive  use  in  the  investigation  and  evaluation 
of  environmental  conditions  defined  by  transient  records* 
Approximately  250  response  accelerations  have  boen  determined* 
representing  the  responses  of  systems  having  various  natural 
frequencies  and  damping  constants  to  the  landing  shocks 
recorded  in  various  aircraft.  The  analog  computer  and  the 
accompanying  function  generator  have  boon  found  reliable  and 
convenient  to  operate.  For  the  purposes  of  this  study*  the 
analog  computer  is  considered  to  be  praetioal  in  evaluating 
transient  conditions. 
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R2UfJElL-l.  DAMPED,  3IK2LE- DECREE- OF- FREEDOM  SYSTEM 
m: 022  RESPONSE  IS  OSTEnUltiED  ON  ANALOG  COMPUTER- 


CCUTPUT1 

PIQUES  TT*  2-  CrSRATIOMX  ELCCJC  DIAGRAM  FOR  EQUATION  tH*4) 
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Photograph  showing  analog  computer 
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(1)  Calibration  trace  -  60  cps. 
and  30 g  poak-to-peak. 

(2)  Sane  ad  (1). 

(3)  Acceleration  measured  on 
Tablo  of  Type  150-400  VD 
Shock  Machine. 

(4)  Strain  in  cantilever  bean 
mounted  on  Table  -  Natural 
frequency  c  493  cpa. 


i  t 

’  t 


(1)  Response  of  analog 
circuit  with  natural 
frequency  of  493  cpa.  to 
trace  (2). 

(2)  Trace  (a)  3  as  reproduced 
by  function  generator 


•  Figure  1 1-5.  Comparison  of  response  of  analog  circuits  to 

actual  physical  response. 
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